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-2  -1  -1  - 
1.7  X  10  s  AE  >  18.5  kj  mol  at  373  K  for  the  tertiary  amine.  The  results  are  tenta¬ 
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-^In  amine-cured  epoxy  host  matrices  at  all  temperatures,  the  EPR  line  shape  of  the  spin 
probe  can  be  characterized  by  one  value  of  the  rotational  correlation  time.  Above  the  glass 
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tion  of  regions  having  different  crosslink  densltltes. 
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PEIEFACE 


This  report  Is  an  account  of  the  work  performed  by  the  McDonnell  Douglas 
Research  Laboratories  on  the  Magnetic  Resonance  Determination  of  Structure  and 
Reaction  Kinetics  of  Epoxy /Amine  Systems  for  the  Naval  Air  Systems  Command, 
Contract  No*  N00019-82-C-024A,  from  9  July  1982  to  8  September  1983.  The  work 
was  performed  In  the  Chemical  Physics  Department,  managed  by  Dr.  D.  P.  Ames. 
The  principal  Investigators  were  Dr.  1.  M.  Brown  and  Dr.  A.  C.  Lind;  Dr.  T.  C. 
Sandreczkl  was  a  co-lnvestlgator.  The  project  monitor  was  Mr.  M.  Stander, 
Naval  Air  Systems  Command,  Washington,  DC. 
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1 .  INTRODUCTION 


The  polymer  material  presently  used  for  the  structural  components  In 
fighter  (F-18,  AV8B)  and  transport  aircraft  (KC-10)  is  a  carbon  fiber-epoxy 
composite.  The  matrix  material  Is  an  amine-cured  epoxy  polymer  formed  from 
the  epoxy  resin  tetraglycidyl-4,4'-dlamlnodiphenylmethane  (TGDim).  There  Is 
Increasing  evidence  that  the  crosslinking  reactions  involved  in  this  amine- 
cured  epoxy  matrix  are  Incomplete;  hence  the  polymer  network  formed  after  the 
cure  is  composed  of  regions  of  nonuniform  crosslink  density. Details  of 
these  chemical  crosslinking  reactions  and  the  kinetics  of  these  reactions  are 
Important  since  they  determine  the  crosslink  network  which  determines 
mechanical  properties  and  durability.  Information  about  the  molecular  and 
morphological  structures  present  in  cured  epoxy  networks  is  of  prime  impor¬ 
tance  for  pr  dieting  service  lifetimes  and  improving  the  performance  and 
reliability  of  these  organic  polymers  in  aerospace  applications. 

In  this  study  we  used  the  magnetic  resonance  spectrometric  techniques, 
electron  paramagnetic  resonance  (EPR)  and  nuclear  magnetic  resonance  (NMR),  to 
obtain  information  about  the  microstructures  in  amine-cured  epoxy  networks  and 
the  rates  of  some  of  the  reactions  relevant  to  the  cure.  In  the  EPR  part  of 

O 

this  work,  nltroxlde  free  radicals  were  used  to  monitor  their  dynamic 
environments  in  the  polymer.  The  nltroxlde  was  employed  either  as  a  spin 
label  where  it  was  covalently  bound  at  a  known  site  on  the  epoxy  or  as  a  spin 
probe  where  it  was  randomly  distributed  throughout  the  polymer. 

The  epoxy  resins  studied  were  tetraglycldyl-4,4'-dlamlnodlphenylmethane 
(TGDDM)  either  purified  or  in  the  form  of  the  commercial  resin  MY720,  obtained 
from  Ciba  Gelgy  Chemical  Company,  and  diglycidyl  bisphenol  A  (DGEBA)  in  the 
form  of  the  commercial  resin  DER332,  obtained  from  Dow  Chemical  Company.  Cur¬ 
ing  agents  used  were  dlfunctlonal  aliphatic  amine  N,N'-dlmethyl-l ,6-diamlno- 
hexane  (DDH),  obtained  from  Aldrich  Chemical  Company,  and  tetrafunctional 
amine  dlaml nodi phenyl su If one  (ODS)  in  its  commercial  form  Eporal,  obtained 
from  Ciba  Geigy  Chemical  Company.  The  amines  were  used  without  further 
purification.  Their  molecular  structures  are  shown  in  Figure  1. 
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Fignre  1.  Resins  and  caring  agents  stndled. 


The  following  specific  EPR  Casks  were  undertaken  In  this  study: 

1)  Investigate  and  measure  the  kinetics  of  the  reactions  between 
nlcroxlde  amines  and  TGDDM. 

2)  Qualitatively  compare  the  reaction  rates  of  nltroxlde  amines  In  TGDDM 
with  Chose  In  MY720. 

3)  Investigate  Che  dependence  of  molecular  mobility  on  temperature  and 
crosslink  density  for  a  series  of  chemically  similar  amine-cured 
epoxy  resins. 

4)  Determine  Che  amounts  of  unreacted  epoxy  and  amine  groups  In  amine- 
cured  samples  of  TGDDM  using  amine  nltroxldes  and  glycldyl 
nlcroxldes,  respectively. 

The  nlcroxlde  amines  used  to  label  TGDDM  In  the  kinetics  experiments  were 
4-methylamino-2,2,6,6-tetramethylpiperldine-l-oxyl  (METAMIN)  and  4-dimethyl- 


2.  EPR  EXPERIMENTS  ON  EPOXY  RESINS 


2.1  Nltroxlde-TGDDM  Kinetics 

EPR  methods  were  used  to  measure  the  rates  of  reactions  of  two  nltroxlde 

amines  with  the  epoxy  resin  TGDIM.  In  this  technique,  a  paramagnetic  molecule 

(the  nltroxlde)  Is  bound  to  the  epoxy  at  the  oxlrane  ring  following  a  ring 
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opening  by  the  amine  functional  group  on  the  nltroxlde.  *  Specific  re¬ 
actions  studied  were:  1)  the  binding  of  METAMIN  to  the  TGDDM  monomer  to  form 
the  end  label  (Reaction  1  In  Figure  3),  and  2)  the  binding  of  the  tertiary 
amine  DIMETAMIN  to  the  TGOOM  monomer  to  form  the  spin-labeled  quaternary  base 
(Reaction  2  In  Figure  3). 

Reaction  1  can  be  viewed  as  a  model  for  the  Initial  step  In  the  reactions 
Involved  In  curing  TGDDM  with  a  conventional  amine  curing  agent.  Similarly, 
Reaction  2  can  be  considered  as  a  model  for  the  Initial  step  In  the  reactions 
Involved  In  the  homopolymerization  of  TGDDM  with  a  conventional  tertiary  amine 
as  the  inltator. 

Samples  of  purified  TGDDM  were  prepared  from  the  commercial  resin  MY720 
by  R.  Levy  of  MDRL.  Procedures  of  normal-phase,  high-pressure  liquid  chro¬ 
matography  (HPLC)  developed  by  Hagnauer^^  were  used.  This  technique  Involved 
the  elution  of  TGDDM  from  a  preparative  silica  column  with  methylene  chloride. 
The  purified  product  was  ~  TGDDM  compared  to  a  TGDDM  content  of  ~  70%  in 
MY720.  Many  of  the  Impurities  containing  hydroxyl  groups  were  trapped  on  the 
polar  silica  substrate  and  were  eliminated  from  the  resin.  The  viscosity  of 
the  purified  TGDDM  was  less  than  that  of  MY720,  as  shown  by  the  motional  cor¬ 
relation  times  of  the  nltroxides  In  both  uncured  resin  systems.  This  reduc¬ 
tion  In  viscosity  Is  intrinsic  to  the  resins  and  is  not  the  result  of  the 
presence  of  any  eluting  solvent,  such  as  methylene  chloride.  In  the  TGDDM 
since  the  viscosity  did  not  change  following  prolonged  heating  of  the  sample. 

The  samples  were  prepared  in  the  following  manner.  TGDDM  containing 
~  0.05  wtZ  nltroxlde  was  pipetted  Into  4-mm-o.d.  sample  tubes  which  were  then 
slipped  Into  5-mm-o.d.  tubes. 

The  EPR  spectra  obtained  at  313  K  after  certain  times  Into  Reaction  1 
were  stored  on  magnetic  tape  using  a  data  acquisition  system  (Varlan  E-900). 


Reacdoa  1 


R 


— H 


ReactiOB  2 


N(CHj)2 


O- 

I 


R— N — CHj — CH— CHj  — N  +  (CHj)2 


Figure  3.  Reactions  studied  by  EPR. 


These  spectra  could  Chen  be  field-shifted,  scaled,  subtracted,  added. 
Integrated. 


and 


It  can  be  seen  from  Figure  4,  a  typical  sequence  of  spectra  recorded  at 
different  times  Into  Reaction  1,  that  as  the  METAMIN  spin  probe  reacts  with 
the  epoxy  to  form  the  spin  label,  the  Initial  spectrum  Is  replaced  by  one  hav¬ 
ing  a  longer  motional  correlation  time;  l*e*,  a  slower  tumbling  nltroxlde 
species  Is  formed.  It  was  assumed  that  the  spectrum  observed  Initially  was 
that  of  the  METAMIN  spin  probe  and  the  spectrum  obtained  at  the  end  of  the 
reaction  was  that  of  the  end  label.  The  problem  then  was  to  measure  accu¬ 
rately  and  reliably  the  areas  under  the  spectra  associated  with  the  spin  probe 
and  end  label  In  the  composite  spectrum  as  It  developed  In  time. 

The  following  method  of  analysis  was  used  because  It  proved  to  be  accu¬ 
rate  and  reliable.  The  height  of  each  recorded  spectrum  was  measured  at  two 
field  values  near  the  low-field  derivative  peak  shown  In  Figure  5,  viz.,  A  and 
B  for  the  spin  label.  A'  and  B'  for  the  spin  probe,  and  A"  and  B"  for  the 
composite  spectrum.  The  following  relations  apply  simultaneously: 


xA  +  yA'  -  A" 

(U) 

xB  +  yB'  -  B" 

(lb) 

Figaic  4.  EPR  ipcctni  obwrvcd  at  313  K  for  dlftcfenl  tlM«  Into  Reactioa 
1,  ead>labci  fonmadoa.  Reactioa  teaiperatarc>353  K. 


CP4I-MM3-S 


Fignic  5.  Definitloiu  of  spectral  Uae  smpUtode  panmelen. 


where  x  and  y  are  Che  relaClve  amounts  of  end  label  and  spin  probe  present » 
respectively.  The  value  of  y  (or  x  ■  1  -  y)  was  evaluated  for  each  composite 
spectrum,  and  Chat  value  was  used  Co  scale  the  spin  probe  spectrum.  This 
scaled  spin  probe  spectrum  was  subtracted  from  each  composite  spectrum  to 
obtain  a  difference  spectrum  which  corresponds  to  the  amount  of  spin  label 
present.  Figure  6  Illustrates  Che  typical  results  of  such  a  procedure.  The 
areas  under  the  absorption  line  shapes  (first  Integral  of  the  experimentally 
determined  derivative  line  shape)  for  Che  scaled  spectrum  and  Che  difference 
spectrum  were  taken  as  the  amount  of  spin  probe  and  end  label,  respectively. 

The  actual  data  analysis  was  performed  with  a  program  written  for  the 
calculator  (HP  9825)  used  In  Che  data  acquisition  system.  This  program  uses 
Che  horizontal  and  vertical  cursors  In  the  oscilloscope  to  measure  the  height 
of  each  specturm  at  the  two  designated  field  values.  The  scaling  factor  Is 
calculated  from  the  values  of  the  parameters  A"  and  B"  In  each  spectrum. 

The  area  under  each  spectrum  Is  normalized  to  the  same  value  (Chat  of  the 
Initial  spectrum).  The  latter  procedure  was  necessary  because  the  total  Inte¬ 
grated  Intensities  decreased  with  time  as  the  niCroxlde  slowly  decomposed  when 
heated  In  Che  TGDDH  resin  to  form  diamagnetic  products.  The  normalized 


Flgar*  «.  Typleal  Mm  iMapw  afeacrvcM  tnm  the  cenporfle  ■pcetnia,  the 
ipla  prehe  epectfMi,  mM  the  Mlffciwce  ■pcctnm  (i.c.,  ipia-tabd 
ipertraD  ia  the  EFR  klaetics  cxpartacat. 


aaouaca  of  apla  probe  (P/Pg)  and  apln  Ubal  [1  -  (P/P^)]  were  printed  by  the 
calculator,  where  P^  and  P  are  the  concentratlona  of  spin  probe  initially  and 
at  tlM  t,  respectively. 

Reaction  1  was  carried  out  at  different  temperatures  from  333  to  383  K  in 
a  temperature-controlled  convection  oven  (Imperial  III,  Lab-Line  Instrument 
Company).  The  sample  tube  was  removed  from  the  oven  at  different  times  into 
Che  reaction,  and  all  EPR  spectra  were  measured  at  313  K.  The  normalized 
amounts  of  spin  probe,  P/Pg,  plotted  as  a  function  of  time  for  Reaction  1 
carried  out  at  333,  3A3,  3S3,  363,  373,  and  383  R  are  shown  in  Figures  7,  8, 

9,  10,  11,  and  12,  respectively. 

The  agreement  with  a  single  exponential  time  dependence  in  Figures  7-12 
implies  a  pseudo-first-order  reaction  with  the  values  of  the  rate  constant 
at  the  different  temperatures  shorn  in  Table  1.  These  values  of  the  rate  con¬ 
stant  are  plotted  as  a  function  of  1/temperature  in  Figure  13  where  the  data 
show  an  excellent  fit  Co  k^  «  kg^  exp  (-  &E/RT),  where  dE  is  the  activation 
energy  and  kg^  is  Che  frequency  factor.  From  Che  data  in  Figure  13,  one 
obtains  AE  •  55  ±  5  kJ  mol”^  and  kgj  -  1.3  x  10^  s”^. 
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FfgBK  9.  Time  dependence  of  nonudiied  epin-probe  concentntion,  P/P^, 
in  TGODM  end-lebeled  with  METAMIN  (renedon 
teniperatnrc>353  K). 


Fignm  10.  Time  dependence  of  nonnoUied  spin^robe  concentration,  P/P,, 
in  TGDDM  end-labeied  witt  METAMIN  (reaction 
tempcratnrc>3d3  K). 
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Fifu*  11.  Time  depeadcace  of  aorauUwd  i^a*probc  eoacealiatioa,  P/P«, 
la  TGDDM  ead-tabded  witb  METAMIN  (rcacdoa 
teaipcrataKs373  K). 
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Flgara  12.  Time  depcadeace  of  normtilied  spia-probe  coaceatratioa,  P /P 
la  TGDDM  ead-labeled  with  METAMIN  (reactioa 
temperataK  >  383  K). 


TABLE  1.  REACTION  RATES  OF  NITROXIDE  AMINES  WITH  TGDDM. 


NitroxMc 


Rale  constant  (k|,  1(2) 
(s->) 


Temperature 

(K) 


The  rates  of  the  reaction  of  the  tertiary  antlne  DIMETAMIN  with  the  epoxy 
resin  TGDDM  to  form  the  spin-labeled  quaternary  base  (Reaction  2  in  Figure  3) 
were  also  measured  at  several  temperatures  between  333  and  383  K.  All  spectra 
were  recorded  at  313  K.  Figure  14  shows  a  typical  sequence  of  spectra  ob¬ 
served  at  the  times  shown.  The  spectra  were  analyzed  in  the  same  manner  as 
described  above  for  the  end  label.  The  time  dependence  for  the  normalized  spin 
probe  concentration,  P/P^,  nt  the  reaction  temperatures  333,  343,  and  353  K 
are  shown  in  Figures  15,  16,  and  17.  All  the  decays  of  P/P^  show  good  fits  to 
a  single  exponential  time  dependence  over  the  measured  time  range.  This  re¬ 
sult  implies  that  Reaction  2  also  obeys  pseudo-first-order  kinetics  between 
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Ftfara  IS.  Tine  depcadeMc  of  ■omoUicd  cooceotralloa,  P/Pg, 

la  reactloa  of  TGDDM  wltfe  OIMETAMIN  to  fona  epia-labclcd 
qaatcraary  baw  (reactloa  tenperatare«333  K). 


t  (min)  cP4i^).i9 

Figare  16.  Tine  depeadeace  of  aomallxed  tpla-probe  coaceatratlon,  P/Pg, 
la  icactioa  of  TGDDM  with  DIMETAMIN  to  form  spia-labeled 
qaatcraaay  baae  (reactioa  lenperatare  ■*  343  K). 
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Figure  17.  Time  dependence  of  normalized  spin-probe  concentration,  P/P^, 
in  reaction  of  TGDDM  with  DIMETAMIN  to  form  spin-labeled 
quaternary  base  (reaction  temperature  »  353  K). 


However,  the  data  for  the  reaction  temperatures  363,  373,  and  383  K  shown 
in  Figures  18,  19,  and  20  Indicate  distinct  nonexponent lal  behavior  In  plots 
of  P/Pq  as  a  function  of  time.  The  reason  for  the  deviations  from  single 
exponential  behavior  Is  that  the  Hofmann  elimination  product,  TEMPENE , ^ ^ ^ ^ 
appeared  before  the  complete  disappearance  of  the  DIMETAMIN  spin-probe 
signal.  Since  the  TEMPENE  spectrum  Is  similar  to  that  of  DIMETAMIN,  the 
presence  of  TEMPENE  made  it  appear,  as  shown  In  Figure  19,  as  though  the  spin- 
probe  concentration  were  Increasing  again.  In  fact,  as  Is  shown  In  Figure  18, 
deviations  from  a  single  exponential  behavior  Increase  with  Increasing  Initial 
DIMETAMIN  concentration.  The  reason  for  this  behavior  Is  that  the  rate  of 
TEMPENE  production  at  any  fixed  temperature  increases  with  increasing  Initial 
nltroxlde  concentration.  In  Figures  18,  19,  and  20  the  Initial  slopes  of  the 
decays  are  assumed  to  give  the  reaction  rate  k2. 
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Figure  18.  Time  dependence  of  normalized  spln-probe  concentration,  P/P0, 
in  reaction  of  TGDDM  with  DIMETAMIN  to  form  spin-labeled 
quaternary  bam  (reaction  temperature  >*363  K). 
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Figure  19.  Time  dependence  of  normalized  spin-probe  concentration,  P/Pq, 
in  reaction  of  TGDDM  with  DIMETAMIN  to  form  spin-labdcd 
quaternary  base  (reaction  temperature  >373  K). 
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Figure  20.  Time  dependence  of  normalized  spin-probe  concentration,  P/P^, 
in  reaction  of  TGDDM  with  DIMETAMIN  to  form  spin-labeled 
quaternary  base  (reaction  temperature  =  383  K). 


The  values  of  k2  obtained  for  the  reaction  performed  at  333  to  393  K  are 
listed  in  Table  I  and  plotted  in  Figure  13.  Although  these  values  show  a 
large  deviation  from  Arrhenius  behavior  betwen  333  and  333  K,  they  show  an 
approximate  agreement  with  the  form  k2  *  kQ2  exp  (-  AE/RT)  with  AE  »  55  ±  5  kJ 
mol  ^  and  kno  “Ax  10  s  .  In  the  high-temperature  region,  the  data  showed 


A  X  10^  s~^, 


an  approximate  fit  to  AE  =  18.5  ±  3  kJ  mol”^  and  kQ2  »  1.7  x  10”^  s~^. 

11  12 

The  rates  of  the  Hofmann  elimination  reaction  »  were  investigated,  but 
it  was  impossible  to  measure  them  quantitatively  with  any  reliability  because 
of  the  presence  of  parallel  reactions.  These  reaction  are  of  the  type 
described  previously  *  involving  charge  separation  caused  by  a  stepwise 
addition  of  TGDDM  following  an  oxlrane  ring  opening  by  0~  groups.  We  con¬ 
cluded  from  the  amounts  of  TEMPENE  spectra  observed  in  the  total  spectral  line 
shapes  that  the  rate  of  TEMPENE  production  Increases  with  temperature  and  with 
initial  nltroxide  concentration.  This  observation  provides  conclusive  proof 
that  the  Hofmann  elimination  can  proceed  through  conformations  that  permit 
anti-orientations  of  the  relevant  ^  hydrogen  with  respect  to  the  quaternary 


17 


nitrogen  and  that  this  antl-ellml nation  involves  an  RO  group  that  is  located 

12 

on  an  adjacent  spin-labeled  quaternary  base* 

2.2  Nitroxide  Decomposition  Rates 

In  addition  to  the  line  shape  changes  associated  with  the  different  spin 
labeling  reactions  of  TGDDM  resin  with  the  nitroxide  amines,  Che  total  inte¬ 
grated  EPR  absorption  decreased  with  increased  heating  time.  This  decrease  in 
magnetic  susceptibility  indicates  nitroxide  decomposition  and  results  from  the 
nitroxide  reacting  with  remnant  impurities  in  the  resin  to  form  diamagnetic 
products.  The  paramagnetic  susceptibility,  evaluated  from  a  double  integra¬ 
tion  of  Che  EPR  derivative  line  shape,  was  measured  for  METAMIN  and  DIMETAMIN 
in  TGDm  following  different  reaction  times  at  temperatures  from  333  to  383  K. 
The  results  for  METAMIN  in  TGDDM  are  shown  in  Figure  21,  where  the  suscepti¬ 
bilities  have  been  normalized  to  the  initial  values.  At  all  four  temperatures 
the  decays  of  the  normalized  suscepClbilites  show  a  single  exponential  time 
dependence  up  Co  several  time  constants  beyond  the  time  when  Che  end  label 
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F^ure  21. 


Integrated  EPR  lignsl  inteuity  (normalized  sniceptibility)  as  a 
fnnedon  of  dme  for  METAMIN  in  TGDDM  at  343,  363,  373, 
and  383  K.  Solid  arrows  indicate  tbe  time  at  which  SO^  of  the 
METAMIN  spin  probe  has  been  converted  to  spin  label. 
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formation  was  50!!!  complete  (this  time  is  indicated  by  the  solid  arrows  in 
Figure  21).  This  result  suggests  that  the  decomposition  rates  for  the  end 
label  and  the  METAHIN  spin  probe  are  the  same.  Thus,  the  procedure  of  using 
the  changes  in  the  double  Integral  of  the  EPR  derivative  spectrum  of  the  end 
label  (implicit  in  obtaining  the  rate  data  in  Figure  13)  should  be  a  reliable 
measure  of  end-label  production. 

The  measured  data  for  the  decomposition  of  DIHETAMIN  in  T6D0M  are  shown 
in  Figure  22.  In  contrast  with  KETAMIN,  the  decays  of  the  normalized  suscep- 
tibllties  for  DIMETAMIN  usually  showed  a  nonexponential  time  dependence.  In 
fact,  as  can  be  seen  from  Figure  22,  the  decay  shapes  are  concave  up  at  tem¬ 
peratures  above  353  K  and  concave  down  below  353  K.  Results  obtained  at  363  K 
involving  a  determination  of  the  normalized  susceptibility  decay  at  different 
initial  DIMETAMIN  concentrations  (viz.,  0.05  and  0.49  wtZ)  are  shown  in  Figure 
23.  These  results  indicate  that  at  high  initial  concentration  (0.49  wtZ)  the 
decay  has  a  single  exponential  time  dependence,  whereas  at  lower  concent ra- 
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Figure  22.  Integrated  EPR  signal  intensity  (normalized  susceptibility)  as  a 
function  of  time  for  DIMETAMIN  in  TGDDM  at  333,  343, 
353,  363,  and  373  K.  Solid  arrows  indicate  the  time  at  which 
50*7o  of  the  DIMETAMIN  spin  probe  has  been  converted  to 
spin  label. 
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FigoR  23.  Integrated  EPR  signal  intensity  (noranUzed  snsceptibility)  as  a 
Inaction  of  tinse  for  TEMPENE  and  DIMETAMIN  in  TGDDM 
at  363  K.  Tbe  solid  arrow  indicates  tbc  dae  at  wbicb  50^  of 
the  DIMETAMIN  spin  probe  bas  been  converted  to  spin  label. 


tlons  the  decay  can  be  considered  as  Che  superposition  of  an  Initial  faster 
decay  and  a  slower  decay  which  Is  Che  same  as  that  at  the  high  concentra¬ 
tions.  A  possible  explanation  for  this  behavior  Involves  two  remnant  impuri¬ 
ties  In  the  TGDDM  resin  which  give  rise  to  two  decay  mechanisms  for  DIMETAMIN. 

It  Is  conceivable  that  different  activation  energies  for  these  two 
mechanisms  can  lead  to  a  situation  where  the  Initial  decay  Is  faster  than 
(T  >  353  K),  equal  to  (T  ■  353  K)  and  slower  than  (T  <  353  K)  the  final 
decay.  Such  activation  energies  would  explain  the  shapes  of  the  decays  shown 
in  Figure  22. 

The  decomposition  rates  for  the  nltroxldes  In  TGDDM,  shown  in  Figures  21, 
22,  and  23,  could  have  important  consequences  for  the  conclusions  drawn  for 
the  reaction  rate  data  plotted  In  Figure  13.  If  the  spin  label  In  either 
Reaction  1  or  2  In  Figure  3  has  a  decomposition  rate  slower  (faster)  than  Its 
spin  probe  precursor,  then  the  rate  constant  for  the  reaction  will  appear  to 
be  faster  (slower)  than  Its  true  value.  That  this  Is  not  the  case  for  the 
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METANZN/TGDDN  reaction  Is  apparent  from  the  data  in  Figure  21.  Since  the 
slopes  of  the  decays  to  the  right  and  left  of  the  solid  arrows  are  equal,  the 
decomposition  rates  for  the  spin  probe  and  spin  label  are  the  same. 

In  some  of  the  data  shown  in  Figure  21  for  DIMETAMIN/TGDDM,  the  decompo¬ 
sition  rates  exhibit  curvature  close  to  the  solid  arrows.  However,  in  view  of 
the  results  in  Figure  23,  the  argument  given  above  involving  two  different  im¬ 
purities  is  more  plausible  than  any  difference  in  decomposition  rates  between 
the  spin  label  and  spin  probe.  Further  evidence  is  shown  in  Figure  23  where 
the  curvature  in  the  decomposition  rates  that  appears  at  low  nltroxide  concen¬ 
trations  disappears  at  high  nltroxide  concentrations.  This  change  in  the 
curvature  suggests  that  one  of  the  impurities  is  completely  consumed  by  the 
nltroxide  early  in  the  decomposition  process  since  the  concentration  of  this 
Impurity  is  much  less  than  that  of  spin  probe  («  0.5  wtZ). 

The  decay  of  the  normalized  magnetic  susceptibility  for  pure  TEMPENB  in 
TGDDM  after  heating  at  363  K  is  also  shotm  in  Figure  23;  it  is  significantly 
slower  chan  that  for  DIMETAMIN  in  TGDDM.  Consequently,  TEMPENE  formation  as 
determined  from  its  EPR  spectra  appears  to  be  faster  than  it  truly  is.  How¬ 
ever,  the  area  under  the  TEMPENE  spectrum  is  never  larger  than  15Z  of  the 
total  spectrum.  Moreover,  Che  initial  slopes  used  Co  evaluate  k2  should  not 
be  affected  since  there  is  little  TEMPENE  formed  at  Che  early  stages  of 
Reaction  2.  All  these  results  support  our  conclusion  that  the  curvature  in 
the  temperature  dependence  in  Figure  13  is  a  valid  representation  of  the 
behavior  of  the  rate  constant  k2. 

2.3  Qualitative  Comparison  of  the  Reaction  Rates  of  Nltroxide  Amines  in  TGDDM 
and  MY720 

In  this  task  a  qualitative  comparison  was  made  between  the  formation 
rates  of  spin  labels  formed  in  TGDDM  and  Chose  formed  in  MY720. 

The  tertiary  amine  nltroxide  DIMETAMIN  was  thoroughly  mixed  with  TGDDM  at 
363  K  by  stirring  for  IS  min.  The  EPR  line  shapes  were  Chen  obtained  at 
293,  308,  315,  322,  and  331  K.  Typical  spectra  are  shown  in  Figure  24.  At 
each  temperature  the  observed  spectrum  can  be  characterized  by  one  value  of 
Che  motional  correlation  time.  Thus,  one  nltroxide  species  was  present, 
namely,  the  unreacted  DIMETAMIN  spin  probe.  The  corresponding  spectra  ob¬ 
tained  after  2  h  heating  at  363  K,  i.e.,  2  h  into  Reaction  1,  are  shown  in 
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Figure  25.  These  spectra  should  be  compared  with  the  line  shapes  shown  In 
Figure  26,  %)hlch  were  obtained  from  samples  of  DIMETAMIN  In  the  unpurlfled 
commercial  resin  MY720.  The  spectra  recorded  at  315,  322,  and  331  K,  shown  In 
Figure  25,  have  similar  line  shapes  to  the  spectra  recorded  at  336,  345,  and 
356  K,  respectively,  and  shown  In  Figure  26.  The  20  K  difference  In  the 
spectral  correspondence  Is  the  result  of  the  difference  In  viscosity  of  the 
two  resins. 

In  both  Figures  25  and  26,  the  observed  spectra  are  superpositions  of  two 
component  spectra,  one  arising  from  the  unreacted  DIMETAMIN  spin  probe 
(designated  P)  and  the  other  from  the  spin-labeled  quaternary  base  reaction 
product  (designated  Q).  Comparison  of  Figures  25  and  26  reveals  that  the 
extent  of  Reaction  2,  l.e.,  the  amount  of  quaternary  base  formed  In  TGDDM 
after  2  h  heating  at  363  K,  Is  approximately  the  same  as  the  extent  of  the 
reaction  In  MY720  after  only  15  min  at  363  K.  Thus,  the  reaction  rate  of 
DIMETAMIN  In  TGDDM  Is  eight  times  slower  than  that  of  DIMETAMIN  In  MY720. 
Further  confirmation  of  these  reaction-rate  differences  Is  given  In  Figures  27 
and  28.  Figure  27  shows  the  spectra  of  a  OIMETAMIN/TGDLM  mixture  recorded 
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Figure  25.  The  EPR  ipectn  obeerved  ut  293, 3N,  315, 322,  aud  331  K 
froa  ■  naple  of  purified  TGDlMi  coutuluing  DMETAMIN 
after  2  h  headag  at  3d3  K.  The  derivative  peaks  associated  with 
the  probe  aud  qaatemaiy  base  are  des^aated  P  aud  Q, 
icspeetiveiy. 
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Figure  26.  The  EPR  spectra  observed  at  296,  336,  345,  and  356  K  fron  a 
sample  of  MY720  containing  DIMETAMIN  after  15  min 
heating  at  363  K.  The  derivative  peaks  associated  with  the  probe 
and  quaternary  base  are  designated  P  aad  Q,  respectively. 
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Flturc  27.  The  EPR  spectra  observed  at  293,  3M,  31S,  322,  aad  331  K 
from  a  sanple  of  porifled  TGDDM  coatatafaig  DIMETAMIN 
after  14  b  beatiat  at  363  K.  The  derivative  peaks  associated  with 
the  spia  probe,  gaateraary  base,  aad  TEMPENE  ara  deaigaated 
P,  Q,  aad  T,  respectively. 
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Figare  2S.  The  EPR  spectra  observed  at  2M,  336,  345,  aad  3S6  K  froai  a 
sample  of  MY720  coataiaiag  DIMETAMIN  after  90  mia 
heatiag  at  363  K.  The  derivative  peaks  associated  with  the 
qaateraary  base  aad  TEMPENE  are  dcsigaated  Q  aad  T, 
respectively. 
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after  14  h  heating  at  363  K;  Figure  28  shovs  the  spectra  of  a  DIMETAHIN/MY720 
mixture  recorded  after  90  min  heating  at  363  K«  The  amount  of  spin-labeled 
quaternary  base  is  approximately  the  same  in  both  samples  at  the  times  shown. 


After  prolonged  heating  of  the  DIHETAMIN/TGDDM  mixture  at  363  K,  the 
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quaternary  base  can  undergo  a  Hofmann  elimination  reaction  to  produce  the 

small  spin  probe  TEMPENE.  At  some  temperatures  the  spectrum  of  TEMPENE  can  be 
distinguished  from  that  of  the  larger  molecule  DINETAMIN  by  its  narrower 
spectral  lines,  a  result  of  its  greater  rotational  mobility. 

Examination  of  the  spectnim  recorded  at  331  K,  shown  in  Figure  27, 
reveals  that  after  14  h  heating  at  363  K  TEMPENE  is  being  produced.  The 
spectrum  of  unreacted  DIMETAMIN  overlaps  that  of  TEMPENE.  However,  the 
composite  spectrum  can  be  deconvoluted  using  spectral  subtraction  software 
which  is  part  of  the  data  acquisition  system  (Varian  E-900)  associated  with 
the  EPR  spectrometer.  Figure  29  shows  the  results  of  such  a  spectral  subtrac¬ 
tion.  The  unreacted  DIMETAMIM  spectrum  at  331  K  has  been  subtracted  from  the 


Figarc  29.  Spectral  subtraction  of  unreseted  DIMETAMIN  spcctram  from 
composite  spectram  containlsg  unreseted  DIMETAMIN, 
quaternary  base,  and  the  Hofmann  eliminntion  product, 
TEMPENE  in  TGDDM.  Difference  spectrum  contains  oniy 
quaternary  base  and  TEMPENE.  Spectra  recorded  at  331  K; 
composite  spectrum  taken  after  14  h  beating  at  363  K. 


composite  spectrum  of  a  mixture  of  DIMETAMIN,  quaternary  base,  and  TEMPENE  at 
331  K.  The  difference  spectrum  does  not  contain  the  DIMETAMIN  spectrum  but 
clearly  shows  the  presence  of  the  TEMPENE  spectrum.  However,  estimates  of  the 
relative  rate  constants  for  the  production  of  TEMPENE  from  DIMETAMIN  In  TGDDM 
and  MY720  could  not  be  reliably  determined. 

In  analogous  experiments,  METAMIN  was  dissolved  In  purified  TGDDM  and 
allowed  to  react  at  363  K.  At  selected  times  during  the  reaction,  EPR  spectra 
were  recorded  at  several  temperatures.  The  spectra  recorded  Immediately  after 
mixing,  shown  In  Figure  30,  can  be  assigned  to  a  single  species,  the  unreacted 
METAMIN  spin  probe.  After  90  min  and  10.5  h  at  363  K,  the  spectra  shown  In 
Figures  31  and  32,  respectively,  were  recorded.  In  addition  to  the  spin 
probe,  a  spectrum  associated  with  the  end  label  (structure  shown  In  Figure  3) 
was  observed.  The  two  component -spectra  are  clearly  detectable  at  313  K,  as 
shown  in  Figure  31.  The  spectra  In  Figure  31  resemble  the  spectra  recorded 
for  METAMIN  In  My720  after  36  min  at  363  K  (Figure  33).  For  example,  the  313 
K  spectrum  In  Figure  31  corresponds  to  the  336  K  spectrum  In  Figure  33.  It 
therefore  appears  that  after  1.5  h  at  363  K  the  METAMIN/TGDDM  reaction  pro¬ 
duces  leas  end  label  than  the  METAMIN/MY720  after  36  min  at  363  K.  These 
results  are  consistent  with  the  difference  In  reaction  rates  found  for 
DIMETAMIN  In  the  two  uncured  resin  systems.  On  the  other  hand,  the  results  In 
Figures  32  and  3A  are  difficult  to  explain.  These  spectra  Indicate  that  the 
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Figere  30.  The  EPR  spectra  observed  at  293  K  and  313  K  from  a  sample  of 
pnrified  TGDDM  containing  METAMIN  after  10  min  heating 
at  363  K.  At  both  temperatnres  only  derivative  peaks  associated 
with  nnreacted  METAMIN  are  observed. 
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Figure  33.  The  EPR  spectra  observed  it  296,  336,  345,  aid  356  K  from  a 
sample  of  MY720  coataiaiag  METAMIN  after  36  min  heating 
at  363  K.  The  derivative  peaks  associated  with  the  probe  and 
end  label  are  designated  P  and  E,  respectively. 


Figure  34.  The  EPR  spectra  observed  at  296,  336,  345,  and  356  K  from  a 
sample  of  MY720  containing  METAMIN  after  15  h  heating  at 
363  K.  The  derivative  peaks  associated  with  the  probe  and  end 
label  are  designated  P  and  E,  respectively. 


The  spectra  obtained  froa  METAHIN  in  TGDDH  and  In  HY720  after  102  and  100 
h  heating  at  363  K  are  shown  In  Figure  35  and  36,  respectively.  It  Is  clear 
froa  the  spectrua  at  345  K  In  Figure  35  and  at  356  K  In  Figure  36  that  no 
quaternary  base  has  formed  In  TGODM  whereas  a  large  amount  50Z  of  the  total 
spectrum)  Is  present  In  MY720.  This  slow  rate  of  quaternary  base  formation  In 
TGDDH  is  consistent  with  the  OIMETAMIN  results. 

2.4  Investigation  of  Crosslink  Density  In  Amine-Cured  Epoxies 

In  this  task,  the  molecular  mobility  of  a  nltroxlde  spin  probe  was 
Investigated  In  a  series  of  amlne'-cured  epoxy  resins  with  different  average 
crosslink  densities.  Information  on  molecular  mobility  Is  Important  since  it 
affects  sample  toughness.  Impact  strength,  transport  properties,  and  glass 
transition  phenomena.  In  particular,  the  rotational  mobility  of  the  spin 
probe  TEHPENE  was  studied  In  the  cured  epoxy  host  matrices  as  a  function  of 
temperature,  free  volume,  and  crosslink  density. 

The  samples  studied  were  prepared  from  the  epoxy  resins  DGEBA  and  puri¬ 
fied  TGDWl.  The  curing  agent  used  was  DDK.  Samples  having  different  cross¬ 
link  densities  were  prepared  by  mixing  the  difunctional  DGEBA  with  the  tetra- 
functlonal  TGDDH  In  different  ratios,  followed  by  the  addition  of  the  amount 
of  DDK  required  to  effect  a  complete  stoichiometric  reaction  with  the  epoxy 
mixture.  Samples  were  prepared  In  the  following  ratios,  by  equivalents,  of 
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ngere  35.  The  EPR  spcctram  observed  at  345  K  from  purified  TGDDM 
coataleing  MET  AMIN  after  102  h  heating  at  363  K.  The 
derivative  peaks  are  associated  almost  entirely  with  end  label 
(E),  although  a  trace  of  probe4lke  component  (P)  is  observed. 
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Figure  36.  The  EPR  spectra  observed  at  296,  336,  345,  aad  356  K  from  a 
sample  of  MY720  containing  METAMIN  after  100  h  heating  at 
363  K.  The  derivative  peaks  associated  with  the  quaternary  base 
and  TEMPENE  are  designated  Q  and  T,  respectively. 


TGDDH:DGEBA:DDH— 0:5:5,  2:3:5,  3:2:5,  and  0:5:5.  Approximately  0.05  wtZ 
TEMPENE  was  added  to  each  resin  mixture  prior  to  the  addition  of  DDH.  The 
samples  were  cured  overnight  at  300  K,  followed  by  postcuring  at  363  K  for  2  h 
and  at  413  K  for  15  min;  l.e.,  all  samples  were  postcured  above  their  glass 
transition  temperature  T„  before  any  measurements  were  made. 

Crosslink  densities  were  calculated  using  the  following  equation: 

M  -  (})  (S)  (2) 

where  M  Is  the  molecular  weight  between  crosslinks,  f  Is  the  functionality  of 
the  TGDIM  (-  4),  w  la  the  sample  weight,  and  m  Is  the  number  of  moles  of  TGDDM 
In  the  sample.  In  previous  studies.  It  was  established  that  Equation  (2) 
yields  reliable  values  of  M  that  are  In  good  agreement  with  those  determined 
from  dynamic  mechanical  analysis.  Values  of  M  for  the  epoxy  samples  studied 
are  listed  In  Table  2. 

Glass  transition  temperatures  were  measured  using  a  DuPont  990  differ¬ 
ential  scanning  calorimeter  (DSC).  Typical  DSC  curves  obtained  are  shown  in 
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TABLE  2.  MOLECULAR  WEIGHT  BETWEEN  CROSSLINKS.  GLASS 
TRANSITION  TEMPERATURES,  EXPANSION  COEFFI¬ 
CIENTS,  AND  FREE-VOLUME  CONTENTS  FOR  EPOXY 
SAMPLES. 


Sample 

M 

T. 

(K) 

axlcH 

(K-i) 

T-T, 

(T,=  10-»8) 

T-T, 

(T,=  10-“8) 

f* 

(T.=  10-’8) 

f* 

(Tj=10-*®8) 

0:5:5 

00 

304 

4.69 

69 

102 

0.0574 

0.0728 

2:3:5 

1080 

307 

4.02 

76 

116 

0.0556 

0.0716 

3:2:5 

680 

319 

3.82 

78 

122 

0.0548 

0.0716 

5:0:5 

355 

340 

3.40 

81 

128 

0.0525 

0.0685 

*Assuniing  f  (Tg)  =  0.025 
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Figure  37.  The  values  of  T  listed  in  Table  2  and  plotted  in  Figure  38 

Increase  linearly  with  These  results  are  consistent  with  other 
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reports. 

Molecular  mobility  in  the  samples  was  determined  by  using  EPR  to  evaluate 
the  rotational  correlation  time  of  TEMPENE  dissolved  in  each  epoxy  matrix. 
The  EPR  line  shapes  for  TEMPENE  in  these  samples  indicate  that  at  each  temper¬ 
ature  the  spectrum  can  be  characterized  by  essentially  one  value  of  the  rota¬ 
tional  correlation  time.  Typical  temperature  dependence  of  the  observed  line 
shapes  is  shown  in  Figure  39. 
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Nltroxldes  exhibit  slow-phase  spectra  when  t,,  >  3  x  10  s  and  fast-phase 

spectra  when  x^,  <  3  x  10“^s.  The  onset  of  motional  collapse  occurs  at  x^, 

<■  10”^  s,  whereas  line  narrowing  occurs  in  the  region  2  x  10  ^^s  ^  x^.  ^  3  x 

10”^  s.  Fast-phase  spectra  were  observed  for  TEMPENE  only  when  the  host 
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matrix  was  above  its  Tg  value.  In  this  region,  x^,  <  3  x  10  s,  the  rota¬ 
tional  correlation  time  was  evaluated  from  the  EPR  line  shapes  using  the 
theory  of  Klvelson.^^  The  equation  used  was: 
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Figure  37.  DSC  curves  showiug  glass  transitions  for  epoxy  samples  having 
different  crosslink  densities. 
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Figure  38.  Glass  transition  temperatures  of  epoxy  samples  plotted  as  a 
function  of  the  reciprocal  of  molecular  weight  between 
crosslinks. 
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Fignic  39.  Spectra  of  TEMPENE  ia  3:2:5  TGDDM:DGEBA:DDH 
recorded  at  differcat  tenperatares. 
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where  Y(l),  Y(0),  Y(-l)  are  the  Intensities  of  the  low,  middle,  and  high  field 
lines;  A^,  Ayy,  and  A^^  are  the  principal  values  of  the  nitrogen  hyperflne 
Interaction  tensor;  and  W(0)  Is  the  width  of  the  center  line.  The  values  A^^  ’ 
3.51  mT  and  A^^  ••  Ayy  ■  0.6  mT  were  used  for  TEMPENE. 

The  values  were  determined  for  TEMPENE  In  each  of  the  TGDDM:0GEBA:0DH 
samples  from  T_  +  80  K  to  T„  +  ~  115  K.  The  calculated  values  are  plotted  on 

O  O 

a  logarithmic  scale  as  a  function  of  reciprocal  temperature  In  Figure  40.  The 
linearity  of  the  plots  over  the  range  ”  10“^8  to  ■  10“^®  s  Indicates 
that  the  data  follow  an  Arrhenius  behavior,  viz.. 
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Aloog  Um  AB,  free  tolmmt  it  coottoat. 


where  is  the  frequency  factor  and  AE  Is  an  activation  energy  for  the 
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rotational  motion  of  the  spin  probe.  Typical  values  of  ■  10  s,  AE  ■  50 
kJ  inol~^  were  obtained  from  the  data.  Since  the  former  value  has  no  physical 
meaning  for  times  shorter  than  ■  10”^^  s,  it  seems  unlikely  that  the 
observed  temperature  dependence  of  follows  a  true  Arrhenius  behavior,  l.e., 
that  the  observed  activation  energy  corresponds  to  a  real  physical  barrier 
height. 

The  temperature  at  which  each  sample  has  a  given  value  (say,  10  s) 
depends  on  Its  crosslink  density,  as  Is  evident  from  the  line  shapes  shown  In 
Figure  41  which  were  observed  for  TEMPENE  In  samples  with  different  crosslink 
densities  at  approximately  the  same  temperature.  This  dependence  Is  a  result 
of  Tg  Increasing  with  crosslink  density  (see  Figure  38).  A  related  result, 
shown  in  Figure  42,  is  that  log(Xj,)  Increases  linearly  with  crosslink  density 
at  constant  temperature.  This  relation  is  a  consequence  of  a)  x^  increasing 
with  T  and  b)  the  slopes  In  Figure  40  being  parallel. 
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FigaK  41.  EPR  ipcetni  of  TEMPENE  la  epoxy  eamplct  of  diffefcat 

croMWak  dcaeitict  at  acarly  the  saaw  teaipcratarc.  All  Maiplca 
arc  above  their  ghua  traaeilloa*. 


la  addition,  as  shown  In  Figure  43,  the  correlation  time  data  show  excel- 

9ft 

lent  agreement  with  the  following  modified  form  of  the  VILF  equation: 

-  fR2/[Ba(T-T^)]  +  f^/B  (5) 

where  and  are  the  rotational  correlation  times  of  the  spin  probe  at 

temperature  T  and  reference  temperature  respectively;  f{^  Is  the  free 

volume  fraction  at  TrI  b  C-  0-^  to  0.6)  Is  the  coefficient  that  appears  In  the 
9ft 

Doolittle  equation;'*'^  and  a  Is  the  difference  In  thermal  expansion  coeffici¬ 
ents  above  and  below  Tg.  Typical  plots  of  -l/ln(x^/Xj.j^)  as  a  function  of 
1/(T-Tg)  for  all  samples  are  shown  In  Figure  43.  The  linearity  Indicates  that 
TEMPENE  follows  Equation  (5)  In  all  cases.  Agreement  of  the  data  with  Equa¬ 
tion  (5),  which  Is  based  on  the  concept  of  free  volume.  Implies  that  above  T 
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the  x^  values  for  TEMPENE  depend  on  the  fractional  free  volume  In  the  host 
polymer. 

It  Is  clear,  however,  that  x^  does  not  depend  exclusively  on  sample  free 
volume  since  the  spectral  line  shapes  (and  therefore  the  x^  values)  change 
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Figere  43.  WLF  plots  for  TEMPENE  la  samples  of  different  crosslink 
density.  Explicit  temperatare  dependence  has  not  been 
snbtracted. 


with  tenq>erature  even  below  T  where  the  free  volume  Is  considered  to  be 

O 

constant  (Ignoring  physical  aging  effects)*  We  can  therefore  reasonably 
assume  that  above  Tg,  there  Is  an  explicit  dependence  of  the  TEMFENE  motional 
correlation  times  on  absolute  temperature  In  addition  to  the  temperature 
dependence  In  the  modified  WLF  equation.  The  following  evidence  supports  this 
contention. 

The  free  volumes  were  calculated  from  the  thermal  expansion  coefficients 
which  were.  In  turn,  determined  from  linear  expansion  data  obtained  with  a 
thermomechanical  analyser  (DuPont  942)  Interfaced  with  a  console  (DuPont 
1090).  Typical  thermal  expansion  data  as  a  function  of  temperature  for 
several  epoxy  samples  are  shown  In  Figure  44.  Linear  expansion  coefficients 
were  measured  over  a  range  from  Tg  -  70  K  to  Tg  4-  80  K  and  the  free  volume 
contents  were  calculated  using  the  following  equation: 
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where  £(T)  and  fCTg)  are  the  fractional  free  volumes  at  T  and  Tg,  respec¬ 
tively,  and  a  is  the  difference  in  volume  expansion  coefficients  above  and 
below  Tg.  The  value  0.025  was  used  for  f(Tg)  for  all  samples.  It  is  implicit 
in  the  free  volume  calculations  that  each  sample  has  the  same  free  volume 
fraction  at  Tg  (whether  the  exact  value  is  0.025  is  unimportant).  The 
spectral  evidence  to  support  this  assumption  is  shown  in  Figure  45.  Thus,  at 
the  same  absolute  temperature,  the  line  shapes  (and  hence  the  t,.  value)  for 
TEMPENE  in  all  epoxy  samples  below  Tg  are  almost  the  same. 

Expansion  coefficients  are  listed  in  Table  2  along  with  fractional  free 
volume  values  of  the  samples  at  ■  10“^  s  and  ■  10"*^®  s.  From  this 
table,  the  fractional  free  volume  corresponding  to  >■  10  s  for  the  0:5:5 
sample  is  0.057.  Using  Equation  (6)  and  the  measured  Tg  and  a  values  shown  in 
Table  2,  this  same  free  volume  content  corresponds  to  the  temperature  388, 

404,  and  435  K  in  the  2:3:5,  3:2:5,  and  5:0:5  samples  respectively.  These 
temperatures  are  denoted  by  "X"  in  Figure  40.  Line  AB  drawn  through  these 
points  is  a  calculated  "iso-free  volume"  line  and  can  be  considered  the  tem¬ 
perature  dependence  of  x^  in  a  sample  maintained,  by  an  appropriate  adjustment 


Figare  45.  EPR  spectra  of  TEMPENE  ia  epoxy  saasples  of  different 
crossliak  densities  at  the  sane  teasperatore.  All  samples  are 
below  their  glass  transitions. 


of  the  crosslink  density,  at  a  constant  free  volume  value  of  0.057.  Analysis 
of  line  AB  yields  an  activation  energy  AS  *  14  kJ  mol"^  from  the  slope  and  a 
frequency  factor  ■  10”^^  a“^.  Since  line  AB  describes  an  Arrhenius 

contribution  to  the  temperature  dependence  of  the  quantity  AB  ■>  14  kJ 
mol~^  can  be  considered  a  barrier  height  for  the  TEMPENE  rotational  motions. 

To  describe  quantitatively  the  above  results  for  the  rotational  corre¬ 
lation  time  for  TEMPENE,  we  use  an  expression  that  explicitly  Includes  both 
free  volume  and  temperature  as  the  Independent  variables  determining  Thli 

expression  Is  analogous  to  one  describing  the  temperature  dependence  of  trans 
latlonal  dlffuslon^^  and  can  be  written  In  the  following  form 

In  —  -  In  — ^  +  In  (7a 

■'cR  “'cR'  “'cR 

with 


where  La  the  rotational  correlation  time  for  TEMPENE  at  temperature  T  and 

free  volume  fraction  f  calculated  from  Equation  (6)  assuming  f(Tg)  ■  0.025; 

■'cR  corresponding  value  of  at  Tj^  and  fj^,  the  reference  temperature 

and  free  volume  fraction,  respectively;  Is  the  value  of  x^,  at  T  and  fjj 

(e.g.,  for  the  0:5:5  sample,  lies  on  line  AB);  and  B  Is  the  Doolittle 

parameter.  The  free  volume  dependence  of  x^  In  Equation  (7b)  Is  in  the  form 

of  the  Doolittle  equation, whereas  the  explicit  temperature  dependence  of  x 
In  Equation  (7c)  Is  written  in  the  form  of  an  Arrhenius  equation. 


The  relative  contributions  to  from  Equations  (7b)  and  (7c)  can  be  seen 
from  the  plot  for  the  0:3:5  sample  In  Figure  40.  The  Isothermal  change  In  x^ 
from  Xj.^'  to  Xg  is  given  by  Equation  (7b);  the  change  In  x^,  from  its  reference 
value  10*^  s  to  the  value  on  line  AB  Is  given  by  Equation  (7c),  for  example, 
at  406  K,  Xj.j^  =  10“^  s,  x^.^'  “  6.3  x  10“^®  s,  and  Xj.  “  10“^®  s.  Thus,  as  the 
sample  is  heated  so  that  goes  from  10“^  s  to  10“^®  s,  approximately  20Z  of 
the  change  In  x^  arises  from  the  explicit  temperature  dependence,  whereas  80Z 
of  the  change  Is  due  to  a  change  In  the  fractional  free  volume. 

Plots  of  )  as  a  function  of  1/f  are  shown  In  Figure  46.  It  is 

clear  from  the  linearity  of  the  plots  that  the  motional  correlation  times 
after  removing  the  Arrhenius  contribution  follows  Equation  (7b).  The  same 
data  are  shown  In  Figure  47  In  the  form  of  WLF  plots.  The  linearity  In  these 

plots  Indicates  that  the  x^  values  obey  the  WLF  equation.  Equation  (5),  even 

after  correcting  for  the  explicit  temperature  dependence.  The  slopes  of  the 
lines  In  Figure  46  are  equal  to  -B,  the  Doolittle  parameter,  and  are  In  the 
range  0.3  to  0.5.  Rotational  diffusion  of  TEMPENE  Is  therefore  less  sensitive 
to  free  volume  changes  than  Is  translational  diffusion  where  B  »  1.  This 
result  Is  not  surprising  since  translational  diffusion  requires  free  volume 


-ln(VT,R.)  1.0 


Figure  46.  Plots  of  -  IntTj/Tjg.)  ts  a  function  of  1/f  for  TEMPENE  in 
samples  having  different  crosslink  densities. 
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Fifarc  47.  WLF  plots  for  TEMPENE  in  samples  of  different  crosslink 
density.  Data  corrected  for  explidt  temperature  dependence 
(Arrkenins  contribution  to  r^). 


holes,  approximately  the  diameter  of  the  diffusing  molecule,  whereas  rota¬ 
tional  diffusion  requires  much  smaller  free  volume  holes. 

2.5  Determination  of  the  Number  of  Unreacted  Functional  Groups 

In  this  task,  we  further  Investigated  our  previously  devised 
methodology  of  using  the  spln-label/spln-probe  EPR  technique  to  determine 
the  number  of  unreacted  functional  groups  In  an  amine-cured  epoxy  sample.  The 
procedure  consists  of  Introducing  amine  nltroxlde  (glycldyl  nltroxlde)  spin 
probes  Into  a  plasticized  sample  of  the  cured  epoxy  polymer  for  a  long  enough 
time  to  allow  them  to  react  with  the  unreacted  epoxy  groups  (amine  groups)  and 
bind  Into  the  polymer  network.  Any  unreacted  nltroxlde  spin  probe  Is  removed 
by  successive  washes  of  the  sample.  The  spin  count  determined  from  the  area 
under  the  EPR  absorption  line  shape  of  the  dry  sample  then  gives  the  number  of 
unreacted  functional  groups. 


The  epoxy  systems  Investigated  were  TGDDM  and  DGEBA,  each  cured  with  a 
stoichiometric  amount  of  DDH.  The  TGDDM  samples  were  postcured  at  365  K  for 
2  h.  These  samples  were  sliced  Into  ~  O.l-om  shavings  and  Immersed  for  ~  1 
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month  In  benzene  solution  containing  either  25  vtX  TAMIN  or  ~  IS  wtZ  glycidyl 
TANOL.  DGEBA  samples  (shavings)  which  were  not  postcured  were  immersed  for  ~ 
10  months  in  benzene  solution  containing  either  ~  IS  wtZ  HETAMIN  or  ~  IS  wtZ 
DIHETAMIN.  In  addition,  benzene-swelled  DGEBA/DDH  samples  (solid  S-mm-diam- 
eter  cylinders),  both  postcured  and  nonpostcured,  containing  a  few  percent 
TAMIN  were  allowed  to  react  for  ~  10  months.  All  samples  were  continuously 
washed  with  methylene  chloride  for  >  2  days  using  a  Soxhlet  extractor  and 
dried  at  room  temperature  in  a  vacuum  oven  before  the  EPR  measurements  were 
made.  The  number  of  unreacted  epoxy  and  amine  groups  found  in  the  amine-cured 
epoxy  samples  with  this  technique  are  sho%m  in  Table  3. 

Both  unreacted  epoxy  and  unreacted  amine  groups  were  found  in  the  TGDDH 
samples.  The  amount  of  glycidyl  TANOL  that  reacted  to  form  a  spin  label  was 
approximately  three  times  greater  than  the  amount  of  TAMIN  that  reacted. 

Thus,  there  are  three  times  as  many  unreacted  amine  groups  as  there  are  unre¬ 
acted  epoxy  groups.  This  result  can  be  attributed  to  a)  the  Inadvertent  use 
of  a  slight  excess  (~  2.0  wtZ)  of  DDH,  and/or  b)  some  of  the  amine  groups 


TABLE  3.  UNREACTED  FUNCTIONAL  GROUP  CONTENT  IN 
CURED  DDH/TGDDM  AND  CURED  DDH/DGEBA 
SAMPLES. 


Sampk 

Percent 
unreacled 
amine  or  epoxy 

Glycidyl  TANOL 
in  DDH/TGDDM<'> 

3.0  (Amine) 

TAMIN 

in  DDH/TGDDM<') 

0.95  (Epoxy) 

TAMIN 

in  DDH/DGEBAO) 

1.5  (Epoxy) 

TAMIN 

in  DDH/DGEBA<2) 

0.4  (Epoxy) 

MET  AMIN 
in  DDH/DGEBA<2) 

0.7  (Epoxy) 

DIMETAMIN 
in  DDH/DGEBA<2) 

1.5  (Epoxy) 

1)  Postcured 

2)  Nonpostcured 

(iP4)  (1051  1 
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exhibiting  higher  than  expected  functionalities  through  formation  of 
quaternary  nitrogen  groups,  and/or  c)  the  glycldyl  TAMOL  binding  to  a  tertiary 
amine  to  form  a  spin-labeled  quaternary  base. 

It  is,  at  first  sight,  surprising  that  0.95  wtZ  unreacted  epoxy  groups 
were  detected  In  the  presence  of  ~  3.0  wtZ  unreacted  amine  groups.  This 
result  Implies  that  sterlc  constraints  Imposed  on  both  unreacted  groups  by  the 
network  rigidity  prevent  them  from  reacting  with  one  another. 

Only  the  number  of  unreacted  epoxy  groups  were  measured  In  the  DGEBA 
samples.  The  values  reported  In  Table  3  are  much  greater  than  the  values 

g 

determined  In  our  previous  study.  The  experimental  difference  Is  that  in 
this  study  the  samples  were  exposed  to  the  nltroxlde  for  ~  10  months,  whereas 
previously  they  were  exposed  for  only  ~  10  days.  Thus,  the  reaction  rates  of 
the  nltroxldes  In  the  plasticized  epoxy  are  very  slow,  occurring  over  a  time 
scale  greater  than  one  month.  For  this  reason,  even  the  values  listed  In 
Table  3  probably  underestimate  the  actual  amount  of  unreacted  groups  present 
and  should  be  considered  only  as  lower  limit  values. 

The  attractive  feature  of  this  method  of  using  amine  nltroxldes  and 
glycldyl  nltroxldes  to  determine  the  number  of  unreacted  epoxy  and  amine 
groups,  respectively,  in  a  cured  epoxy  sample  is  the  Inherent  sensitivity. 

Our  estimate  of  the  minimum  detectable  amount  of  unreacted  epoxy  groups  Is 
10~^  WtZ.  The  disadvantage  of  this  method  Is  the  slow  rate  of  reaction  of  the 
nltroxldes  with  the  functional  groups  trapped  In  the  pol3rmer  network. 

2.6  Discussion  of  EPR  Results 

22—26 

The  results  of  several  previous  studies  of  amine-cured  epoxy  re¬ 

actions  Indicated  that  an  S^2  mechanism  was  followed.  These  studies  Included 
a  measurement  of  the  kinetics  which  were  usually  second  order  and  a  delinea¬ 
tion  of  the  stereochemistry  Involved  In  the  ring  opening  reactions. 

In  our  studies  of  the  reactions  between  the  nltroxlde  amines  and  TGDOM, 
pseudo-first-order  reaction  kinetics  are  obeyed  because  the  amine  concentra¬ 
tions  are  so  low,  <  0.08  wtZ,  that  the  TGDOM  concentration  effectively  remains 
constant  throughout  the  reaction.  One  would  expect  the  rates  for  HETAMIN  and 
DIMETAMIN  to  differ  If  the  difference  between  the  nucleophilic  character  of 
the  amines  Is  large  enough.  Since  basicity  Is  a  measure  of  nucleophilic 


character,  the  basicities  of  HETAMIN  and  OIMETAMIN  were  measured  from  the  pH 
values  of  their  aqueous  solutions.  The  results  show  that  “  10”^  mol  L~^ 
for  DIMETAMIN  and  =  3  x  10”^  mol  L”^  for  METAMIN  (assuming  no  carbonate  Is 
present).  Hence,  If  the  nucleophilic  character  of  the  amine  Is  Important, 
then  k2  should  be  greater  than  k^.  However,  the  results  In  Figure  13  show 
that  k2  Is  always  less  than  k^. 

There  Is  considerable  evidence  to  Indicate  that  amlne-epoxy  reaction 
rates  can  be  accelerated  in  solvents  that  can  hydrogen  bond  with  either  the 
epoxy  or  the  amine, e.g.,  water,  alcohols,  or  acids.  The  rate- 
determining  step  In  such  reactions  involves  transition  states  of  the  form 
shown  in  Figure  48.  In  the  nltroxide  amine  reactions  with  TGDDM,  remnant 
impurities  In  the  TGDDM  may  play  the  role  of  hydrogen-bond  donors.  Both 
nitroxides  can  form  transition  states  of  the  type  in  the  Smith  model  (Figure 
48a)  but  only  HETAMIN  can  form  the  Mika  and  Tanaka  type  (Figure  48b)  since 
DIMETAMIN  Is  a  tertiary  amine  and  it  possesses  no  hydrogen-bond  donors. 

The  Arrhenius  dependence  of  kj  (see  Figure  13)  indicates  one  value  of  the 
activation  energy,  55  kJ  mol”^,  which  in  turn  Implies  that  one  transition- 
state  complex  is  associated  with  the  formation  of  TGDDM  end-labeled  with 
METAMIN.  On  the  other  hand,  the  curvature  of  the  data  in  Figure  13  for 
DIMETAMIN  could  be  interpreted  as  indicating  the  importance  of  two  values  of 
activation  energy:  55  kJ  mol”^  at  333  K  and  18.5  kJ  mol”^  at  383  K,  evaluated 
from  the  straight  lines  shown.  We  can  only  speculate  as  to  the  nature  of  the 
two  transition-state  complexes  associated  with  these  values,  but  they  probably 
Involve  two  different  hydroxyl-containing  Impurities.  The  difficulty  comes  in 


(a)  (b) 


GP4IOaS3-30 

Figure  48.  Proposed  transition  states  invoived  in  amine-epoxy  curing 

reactions  for  (a)  the  Smith  model  and  (b)  the  Mika  and  Tanaka 


explaining  the  lower  value  of  the  activation  energy  at  the  higher  tempera¬ 
tures.  One  possible  explanation  Involves  a  temperature  dependence  of  concen¬ 
trations  of  species  which  are  precursors  to  the  formation  of  the  transition- 
state  complexes.  Such  a  scheme  Is  depicted  In  Figure  49.  At  low  tempera¬ 
tures,  333  K,  the  concentration  of  AB^  Is  large  compared  with  the  concentra¬ 
tion  of  AB2,  and  mechanism  1  with  activation  energy  AE^  dominates.  At  higher 
temperatures,  ~  383  K,  the  ABj^  concentration  Is  reduced,  and  mechanism  1  Is 
effectively  "turned  off."  Mechanism  2  with  activation  energy  AE2  then 
dominates.  As  described  above,  the  data  shown  In  Figure  22  also  suggest  that 
more  than  one  Impurity  is  present  In  TGDDM. 

It  Is  Interesting  to  compare  the  values  of  k^,  k2  In  TGDDM  and  the 
corresponding  values  for  DGEBA.  These  values  are  summarized  In  Table  4 
where  the  values  have  been  normalized  to  the  slowest  value  measured,  l.e.,  k2 
In  TGDDM  at  333  K.  The  value  of  k^  in  DGEBA  at  333  K  Is  33  times  faster  than 
the  corresponding  value  In  TGDDM.  The  reason  for  this  may  not  be  In  the 
Inherent  rates  for  epoxy-amine  reactions  but  In  the  fact  that  purified  TGDDM 
contains  less  hydroxyl-containing  Impurities  than  DGEBA.  Furthermore,  In 
DGEBA  kj  ■  k2  whereas  in  TGDDM  kj  >  k2  at  all  temperatures  studied.  Thus, 
only  in  the  highly  purified  TGDDM  does  the  nature  of  the  amine  produce 
significant  differences  in  the  rate  constant  although,  as  stated  earlier,  this 
does  not  Involve  the  nucleophilic  character  of  the  amine. 

As  shown  In  Table  4,  at  333  K  the  value  of  kj  in  TGDDM  is  3.5  times 
faster  than  k2  In  TGDDM.  Using  transition  state  theory,  one  can  explain  this 
rate  differences  In  terms  of  an  activation  entropy  difference.  Since  the 
activation  energies  for  the  two  resins  are  the  same  at  333  K,  one  can  ••'rite 


A  +  (B|,  Bj)  +  E 


AB|  +  E  [ABjE]  —  AE  +  Bj.-  Mechanism  1 
ABj  +  E  ^^2  [ABjE]  -  AE  +  Bj.-  Mechanism  2 


where  AE,  >AE2 
A  -  amine 
E  -  epoxy 

B],  B2  -  hydroxyl-containing  impurities 
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Figure  49.  Two  possible  reaction  mechanisms. 


AS*  -  AS*  “  R  In  ^  (8) 

i:  4: 

where  ASj^  and  AS2  are  the  activation  entropies  associated  with  reaction  rates 
for  METAMIN  in  TGDDM  and  DIMETAMIN  in  TGDDM,  respectively.  Since  kj/k2  - 
3.5,  AS*  -  AS*  “  10.4  J  mol"^  the  difference  in  activation  entropy  may  be 

attributed  to  the  larger  steric  hindrance  around  the  quaternary  nitrogen. 

The  work  on  molecular  mobility  described  In  Section  2.4  shows  that  the 
nitroxlde  TEMPENE  functions  as  a  probe  of  its  environment  in  the  amine-cured 
epoxies.  Above  T.  its  rotational  correlation  time  Is  sensitive  to  the 

O 

following  sample  parameters: 

(a)  free  volume, 

(b)  absolute  temperature, 

(c)  temperature  above  Tg,  and 

(d)  average  crosslink  density. 

The  results  in  Section  2.5  demonstrate  that  both  unreacted  amines  and 
unreacted  epoxy  groups  can  be  detected  In  the  same  sample,  with  glycldyl 
nltroxldes  and  amine  nitroxides,  respectively.  Further  work  is  necessary  to 
ascertain  how  Important  spin-labeled  quaternary  base  formation  is  to  the 
values  obtained  for  the  amounts  of  unreacted  amine  present.  Yet,  it  seems 
likely  that  from  the  numbers  obtained  In  any  particular  sample.  It  should  be 
possible  to  Identify  the  exact  reason  for  the  unreacted  groups;  l.e.,  whether 
they  arise  from  the  use  of  nonstolchlometric  amounts  of  resin  and  curing 
agent.  Inadequate  mixing,  or  steric  constraints  imposed  by  the  polymer  network 
that  prevent  reaction  of  all  the  functional  groups. 


3.  NMR  EXPERIMENTS  ON  EPOXY  RESINS 


3.1  NMR  Monitor  of  MY720  Cure  with  Eporal 


Pulsed  hydrogen  NMR  neasurefflents  were  performed  on  a  single-coil 
spectrometer  operating  at  100  MHz.  An  external  fluorine  lock  sample  at  94  MHz 
was  used  to  control  a  magnet  (Varian  V-4014)  so  that  small  signals  could  be 
signal  averaged  for  a  long  time  without  attendant  drift.  The  100-  and  94-MHz 
rf  signals  were  derived  from  a  frequency  synthesizer  (Hewlett  Packard  HP5100), 
and  the  8-mT  pulsed  rf  magnetic  field  was  generated  using  a  programmable  digi¬ 
tal  pulser  and  a  100-W  linear  amplifier  (Electronic  Navagatlon  Industries 
3100L).  The  dead  time  of  the  receiver  was  <  6  ps.  A  digital  oscllllscope 
(Nlcolet  4094)  was  used  to  acquire  and  store  the  signals,  and  a  computer 
(Digital  Equipment  Corp.  MINC)  was  used  to  analyze  the  signals. 

Three  different  pulsed  ^H  NMR  experiments  were  performed: 

1)  a  (single  90°^,  collect  signal)  pulse  experiment  for  measuring  the 
relative  amounts  of  rigid  and  mobile  phases  and  their  spin-spin 
relaxation  times  T2i  provided  the  T2'8  were  less  than  1  ms. 

2)  a  (sample  signal,  x,  180°y,  x)^)  pulse  experiment  for 

measuring  the  relative  amounts  of  rigid  and  mobile  phases  and  their 
spin-spin  relaxation  times  T2,^^  for  T2's  greater  than  1  ms,  and 

3)  a  (180°^,  X,  90°jj,  collect  signal)  pulse  experiment  to  determine  the 
spin-lattice  relaxation  times  T^.^® 


The  epoxy  resins  were  prepared  from  MY720  (a  Clba-Gelgy  product  which  Is 
approximately  70%  T6DDM)  and  Eporal  (a  Clba-Gelgy  product  which  Is  more  than 
90%  dlamlnodlphenylsulfone,  DOS).  MY720  was  heated  briefly  to  about  340  K  and 
mixed  with  27  parts  Eporal  per  hundred  parts  MY720.  The  mixture  was  contin¬ 
uously  stirred  while  the  temperature  was  increased  to  423  K.  Long  pipettes 
were  used  to  transfer  approximately  100-mg  quantities  of  the  mixture  to 
several  5-mm  NMR  tubes.  These  tubes  were  sealed  with  plastic  caps  and  stored 
at  250  K  until  they  were  used  In  the  NMR  experiments.  While  this  mixing 
procedure  caused  some  preliminary  curing.  It  was  a  compromise  chosen  to 
eliminate  errors  caused  by  poor  mixing. 
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The  MY720/Eporal  curing  studies  were  performed  In  situ  in  a  NMR  probe 
heated  with  forced  air.  Four  different  Isothermal  curing  temperatures  were 
employed;  272,  388,  418,  and  437  K.  Prior  to  each  experiment,  an  NMR  tube 
containing  a  thermocouple  Immersed  In  100-mg  oil  was  Inserted  Into  the  NMR 
probe.  This  thermocouple  and  thermocouples  at  the  air  Inlet  and  outlet  of  the 
probe  were  monitored  while  the  air  flow  and  heater  current  were  adjusted  to 
achieve  the  desired  sample  temperature.  During  an  experiment  both  the  Inlet 
and  outlet  temperatures  were  monitored  and  controlled,  maintaining  the  sample 
temperature  within  2  K  of  the  desired  temperature.  When  the  duration  of  a 
curing  study  exceeded  8  h,  the  sample  was  removed  from  the  probe  and  stored  at 
250  K  until  the  next  day.  The  samples  were  always  placed  in  a  preheated  probe 
so  that  the  sample  temperature  reached  equilibrium  In  less  than  5  min. 

The  NMR  signals  resulting  from  Experiments  1  and  2  generally  contained 
two  components,  as  shown  In  Figure  50.  The  computer  performed  a  least-squares 
fit  to  the  signals  to  determine  the  five  parameters  T2^,  Aq,  T2q,  and  n. 

In  the  early  stages  of  curing,  only  a  single  Lorentzlan  component  was 
present  (A^  ^  0  and  Aq  «  0),  as  a  result  of  the  homogeneous,  low-viscosity 
mixture  In  which  the  molecules  were  all  free  to  undergo  rapid,  isotropic, 
llquld-llke  motion.  As  curing  took  place,  a  second  Lorentzlan  component 
appeared;  It  had  a  small  amplitude  (Aq  <  Aj^)  and  a  shorter  spin-spin 
relaxation  time  (T2q  <  1^2L^*  Lorentzlan  components  resulted  from  the 

formation  of  an  Inhomogeneous  mixture  In  which  some  molecules  were  more  free 


Signal  =  Gaussian  component  (rigid)  +  Lorentzian  component  (mobile) 
S(t)  =  AGexp  {-(t/Tjo)"!  +ALexp  {-I/Tjl} 
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Figure  50.  Hydrogen  NMR  decay  signal. 


to  move,  producing  the  L  component,  than  others  that  were  more  restricted, 
producing  the  6  component.  A  similar  NMR  effect  has  been  reported  for  a  dlf- 
ferent  epoxy  system  and  supports  the  hypothesis  of  the  formation  of  a 
nodular  structure  In  epoxies. As  the  curing  proceeded,  both  T2|^ 
and  T2q  decreased  and  Aq  Increased  at  the  expense  of  A^^,  as  a  result  of  the 
decreased  molecular  motion  caused  by  curing.  In  the  last  stages  of  curing, 
the  parameter  n  Increased  from  n  >  1,  characteristic  of  a  llquld-llke 
Lorentzlan  component,  to  n  >  2,  characteristic  of  a  rigid  Gaussian  component. 

The  spin-spin  relaxation  times  during  the  Isothermal  cures  at  the  four 
temperatures  are  shown  In  Figures  51-54.  At  the  lowest  curing  temperature, 

372  K,  only  a  single  Lorentzlan  component  was  observed  during  the  first  200 
min  of  cure,  whereas  two  components  were  observed  almost  from  the  start  In  the 
other,  higher-temperature  cures.  The  relative  amounts  of  the  two  components 
will  be  discussed  later.  At  zero  cure  time  the  spin-spin  relaxation  time 
Increased  from  0.08  to  0.55  s  with  Increasing  cure  temperature,  from  372  to 
437  K,  as  a  result  of  the  reduced  viscosity  at  the  higher  temperatures.  How¬ 
ever,  In  the  last  stages  of  curing.  It  appears  that  the  two  components 
approach  similar  limiting  values  for  the  four  different  cure  temperatures. 


F^are  51.  Spia-spia  relaxatioa  tiaics  of  the  mobile  ( o )  sad  rigid  ( □ ) 
compoacatt  dariog  isothenaal  core  at  372  K. 
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Figure  52.  Spin-spin  reiaxation  times  of  the  mobiie  (  o )  and  rigid  ( □ ) 
components  during  isothermai  cure  at  3M  K. 
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Figure  53.  Spin-spin  relaxation  times  of  the  mobiie  ( o )  and  rigid  ( □ ) 
components  during  isothermal  cure  at  418  K. 
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Figure  54.  Spin-spin  reinxaiion  times  of  the  mobile  (o)  and  rigid  (o) 
components  during  isothermal  core  at  437  K. 


^2L  ~  ^  10~^  s  and  T2Q  ~  2  x  10"^  s*  In  these  measureaents  as  well  as 

others  discussed  In  this  report,  the  limiting  values  were  obtained  In  the  last 
stages  of  curing,  which  are  Identified  In  the  figures. 

Since  the  four  samples  have  the  same  composition.  It  appears  unusual  that 
they  should  have  almost  Identical  spin-spin  relaxation  times  after  long  cures 
at  widely  differing  temperatures.  One  might  expect  that  the  sample  at  the 
highest  temperature  would  have  a  largest  spin-spin  relaxation  time  because  of 
the  Increased  molecular  motion  at  the  highest  temperature.  The  equality  of 
the  spin-spin  relaxation  times  can  be  explained  In  terms  of  the  Enns  and 
Glllham  model  for  curing  of  thermosetting  polymers,  which  states  that  a 
sample  cured  for  a  sufficiently  long  time  at  a  temperature  ’hlch  Is  below 
Its  ultimate  glass  transition  temperature  will  have  a  glass  transition 

gw 

temperature  -  T^.  Hence,  all  four  samples  at  their  respective  cure  temper¬ 
atures  are  at  their  glass  transition  temperatures  and  therefore  have  similar 
spin-spin  relaxation  times.  While  It  was  not  done.  If  the  sample  that  was 
cured  at  the  lowest  temperature  had  been  heated  to  the  highest  cure  tempera- 
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ture,  Its  spin-spin  relaxation  times,  T2^  and  T2Q,  would  have  been  much 
greater  because  the  sample  would  have  been  at  a  temperature  above  Its  glass 
transition  temperature  (until  It  experienced  additional  curing). 

The  relative  amounts  of  the  two  components  are  shown  In  Figures  55-58 
where  the  fraction  of  the  more  mobile  component,  +  Aq),  Is  plotted  as  a 

function  of  the  cure  time  for  the  four  cure  temperatures.  Because  the  mobile 
fraction  Is  equal  to  1  at  the  start  of  the  low-temperature  cure,  we  assume 
that  It  Is  equal  to  1  at  the  start  of  all  the  cures.  Extrapolating  the  data 
back  to  zero  cure  time  for  the  higher  temperature  cures  shows  the  data  In 
agreement  with  this  assumption.  It  Is  Interesting  that  the  cure  at  372  K  has 
a  200-mln  delay  before  the  mobile  fraction  decreases,  the  cure  at  388  K  shows 
an  almost  linear  decrease  In  the  logarithm  of  the  mobile  fraction  from  zero 
cure  time  to  the  end  of  the  cure,  and  the  higher  temperature  cures  show  a 
rapid  decrease  In  the  mobile  fraction  at  zero  cure  time,  followed  by  a  slower 
decrease  at  later  cure  times.  Presently  we  have  no  explanation  for  these 
behaviors,  although  they  are  probably  related  to  the  nature  of  the  crosslink 
structures  forming  during  the  cures  at  the  different  temperatures. 
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Figure  55.  Mobile  fraction  during  isothermal  cure  at  372  K.  The  limiting 
value  was  obtained  after  3000  min  cure. 


Figare  56.  Mobile  fraction  daring  isotiicmial  enre  at  3U  K. 
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Fignre  57.  Mobile  fraction  daring  bolhennal  care  at  418  K. 
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Figure  58.  Mobile  fraction  during  iaotfeermal  cure  at  437  K. 


The  mobile  fractions  remaining  In  Che  last  stages  of  curing  are  different 
for  Che  different  cure  temperatures.  This  difference  could  result  from  not 
waiting  long  enough  Co  correctly  determine  Che  limiting  value.  At  the  time 
Che  measurements  were  taken.  It  was  thought  that  sufficient  time  had  elapsed 
to  reach  equilibrium.  However,  calculated  reaction  rates  based  on  measured 
activation  energies  (presented  below)  suggest  that  equilibrium  may  not  have 
been  reached.  A  positive  result  of  these  measurements  Is  Chat  they  show  Chat 
Che  mobile  fraction  Is  a  sensitive  Indicator  of  Che  last  stages  of  curing. 

The  third  experiment  listed  above  yielded  spin-lattice  relaxation  times 
T^'s  of  the  epoxies  during  their  cures  at  Che  four  different  temperatures.  As 
with  the  previous  measurements,  these  were  also  made  at  the  curing  tempera¬ 
ture.  Generally,  spin-lattice  relaxation  Is  fastest  when  the  motion  of  some 
molecular  group  has  a  strong  frequency  component  equal  to  that  of  Che  NMR  fre¬ 
quency,  100  MHz  In  this  case.  This  corresponds  to  a  correlation  time  for 
molecular  motion  about  10“^  s.  Since  curing  Is  expected  to  Increase  the 
correlation  time  for  molecular  motion.  If  the  correlation  time  of  a  molecular 

group  passes  through  10~^  s  during  curing,  the  spln-laCClce  relaxation  time 
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should  go  through  a  minimum  at  Che  time  when  Che  correlation  time  Is  10  s. 
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The  spin-lattice  relaxation  tines  during  the  four  different  Isothermal 
cures  are  shown  In  Figures  59-62.  It  Is  convenient  to  explain  the  data  for 
the  highest  temperature  cure  at  437  K  first  (Figure  62),  and  then  relate  the 
data  from  the  other  cures  to  this  one.  As  the  curing  proceeds,  the  spin- 
lattice  relaxation  time  decreases  from  about  0.5  s  In  the  uncured  resin  to  a 
minimum  of  0.27  s  after  35  min  of  curing.  The  minimum  Is  caused  by  molecular 
motion  having  a  correlation  time  of  10  s.  The  spin-lattice  relaxation  time 
then  Increases  to  a  limiting  value  of  about  0.9  s.  While  it  was  not  done.  If 
the  curing  had  been  performed  In  a  nitrogen  atmosphere  (In  the  absence  of 
oxygen),  the  spin-lattice  relaxation  time  would  have  undoubtedly  Increased  to 
a  larger  value.  Oxygen  Is  paramagnetic  and  causes  spin-lattice  relaxation. 

The  spin-lattice  relaxation  time  of  the  uncured  resin  before  the  cure  at 
418  K  (Figure  61)  Is  0.36  s,  smaller  than  that  for  the  cure  at  437  K  (0.50 
s).  At  the  lower  cure  temperature,  molecular  motion  Is  decreased,  similar  to 
the  decrease  In  molecular  motion  caused  by  a  15-mln  cure  at  437  K  (Figure 
62).  However,  the  decrease  In  molecular  motion  caused  by  decreasing  the 
temperature  (Increasing  viscosity)  Is  not  the  same  as  the  decrease  In 
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Flgvre  59.  SplB*latticc  relsxatiom  Mnc  dmrimg  liotlwnBal  cure  at  372  K. 


Spin-lattice 
relaxation  time 
(s) 


Cure  time  (min)  op4i«si.75 

i'ignre  60.  Spin-lattice  reiaxation  time  during  isothermai  cure  at  388  K. 
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Figure  61.  Spin-lattice  relaxation  time  during  isothermal  cure  at  418  K. 
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FiguK  62.  SpiB-lattke  relaxation  time  during  isothermal  cure  at  437  K. 

molecular  motion  caused  by  curing  because  different  molecules  are  formed 
during  curing.  Thus,  decreasing  the  cure  temperature  to  388  K  (Figure  60) 
decreases  the  value  of  of  the  uncured  resin  to  0.215  s,  and  decreasing  the 
cure  temperature  to  372  K  (Figure  59)  decreases  the  value  of  Ti  of  the  uncured 
resin  to  0.17  s.  However,  a  trace  of  a  minimum  In  persists  at  all  cure 
temperatures  relatively  early  In  the  cure,  and  we  conclude  that  this  minimum 
results  from  the  motion  of  a  molecular  group  that  Is  the  product  of  the  curing 
reaction  which  has  a  correlation  time  of  10  s.  The  Identity  of  this 
molecular  group  has  not  yet  been  determined,  nor  has  the  group  responsible  for 
the  minimum  that  appears  to  be  at  a  temperature  lower  than  372  K  In  the 
uncured  resin. 

Five  different  methods  were  used  to  define  a  characteristic  cure  time  for 
the  cure  at  any  temperature.  The  most  obvious  time  Is  that  required  for  the 
Gaussian  or  Lorentzlan  spin-spin  relaxation  times,  T2Q  or  T2^,  to  come  to 
their  limiting  values.  Because  they  approach  their  limiting  values 
asymptotically,  the  time  at  which  the  extrapolated  straight  line  section 
Intersects  the  limiting  value  was  taken  to  be  the  characteristic  cure  time. 
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A  similar  method  was  planned  for  the  mobile  fraction  data,  but  the  limiting 
values  may  be  in  error  because  the  mobile  fraction  may  continue  to  decrease 
for  a  longer  time  than  expected.  As  a  result,  we  arbitrarily  chose  the  time 
at  which  the  mobile  fraction  had  decreased  to  0.10.  The  fourth  method  was  to 
plot  the  value  of  the  parameter  n  as  a  function  of  cure  time,  as  shown  in 
Figure  63,  and  define  the  characteristic  cure  time  as  the  time  at  which 
n  «  1.5  (half-way  between  Lorentzlan  and  Gaussian).  The  fifth  method  was  to 
define  the  characteristic  cure  time  as  the  time  of  the  occurrence  of  the 
minimum  in  T^ . 

The  results  of  these  five  methods  for  defining  a  characteristic  cure  time 
are  shown  in  Figure  64.  The  characteristic  cure  times  defined  by  the  T2Q, 
data  are  in  good  agreement,  and  they  fall  nearly  on  the  same 
straight  line  when  the  logarithm  of  their  values  are  plotted  as  a  function  of 
1/T.  The  slopes  of  these  lines  yield  activation  energies  of  49.6  kj/mol  for 
the  T2Q  data,  52.2  kJ/mol  for  the  T21,  <l3ta,  and  47.3  kJ/mol  for  the  n  data. 
Characteristic  cure  times  defined  by  the  mobile  fraction  data  are  somewhat 
larger  than  those  defined  by  the  other  methods.  Nevertheless,  they  also  fall 
on  a  straight  line  whose  slope  yields  an  activation  energy  of  54.7  kJ/mol. 

The  data  for  the  time  of  occurrence  of  the  minimum  in  T^  (no  minimum  in  T|^  was 

observed  for  the  cure  at  372  K)  yielded  an  activation  energy  of  45.4  kJ/mol. 

The  average  of  these  five  results  is  49.8  kJ/mol,  and  their  standard  deviation 
is  3.7  kj/mol. 

These  results  agree  with  activation  energies  determined  from  dielectric 
measurements  and  dynamic  mechanical  measurements  on  Narmco  5208,  which  is 
primarily  MY720  and  Eporal.  In  the  dielectric  measurements  two  relaxation 
peaks  were  observed,  one  early  in  the  reaction  and  one  later.  The  time  of  the 
occurrence  of  the  first  peak  yielded  an  activation  energy  of  46.0  kJ/mol, 
while  that  of  the  second  yielded  55.7  kJ/mol.  These  agree  very  well  with 

those  determined  with  NHR,  and  both  techniques  showed  an  increase  in  activa¬ 

tion  energy  as  the  curing  proceeded.  The  dynamic  mechanical  measurements  also 
showed  two  relaxation  peaks  which  yielded  activation  energies  of  67.6  and  50.7 
kJ/mol,  which  do  not  agree  as  well. 


3.2  NMR  Determination  of  the  Composition  of  Cured  Epoxies 

In  an  effort  to  study  the  curing  of  epoxy  resins  through  gelation  into 
the  solid  state,  NMR  experiments  were  conducted  to  provide  baseline 
spectra  for  the  quantitative  determination  of  compositions  of  cured  epoxy 
resins. 

The  NMR  experiments  were  performed  at  15  MHz  on  a  JEOL  FX-60QS  spec¬ 
trometer  equipped  with  a  magic-angle  spinner  probe.  The  pulse  sequence  shown 
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in  Figure  65  was  used  for  cross-polarization  and  high-power  decoupling.  *■' 

The  magic-angle  spinner  bodies  were  fabricated  from  Kel-F;  as  a  result  they 
produced  no  spectral  lines  that  could  Interfere  with  those  of  the 
samples.  The  spinner  was  usually  operated  at  2.4  kHz,  which  was  sufficient  to 
reduce  the  area  beneath  the  sideband  peaks  to  less  than  5%.  Cross  polari¬ 
zation  was  accomplished  using  a  Hartmann— Hahn^^  double  resonance  at 
approximately  50  kHz.  Cross-polarization  contact  times  between  0.5  and  5  ms 
were  used;  1  ms  was  found  to  be  optimum.  The  high-power  decoupling  field  uas 

1.2  mT.  The  measurements  were  performed  at  303  K.  Spectra  with  good  slgnal- 
to-nolse  ratios  were  obtained  only  after  10,000  or  more  accumulations. 

Preparation  of  the  four  cured  epoxy  resin  samples  whose  compositions  were 
measured  with  solid-state  ^^C  NMR  was  as  described  in  Section  2.4.  Samples 
were  prepared  containing  TGDDM:DGEBA:DDH  ratios  (by  equivalents)  of  5:0:5, 
3:2:5,  2:3:5,  and  0:5:5.  In  Figure  66  the  carbon  atoms  in  the  epoxy  and 
amines  used  in  these  samples  are  labeled  by  letters  to  aid  in  the  discussion 
of  the  ^^C  NMR  spectra. 

1  O 

Figures  67-70  show  the  C  NMR  spectra  of  the  four  cured  epoxy  resin 
samples  that  were  obtained  after  10,000  accumulations.  The  chemical  shifts  of 
the  prominent  resonances  are  shown  below  the  spectra.  A  cross-polarization 
time  of  1  ms  was  used  because  it  produced  spectra  in  which  the  areas  beneath 
the  resonance  peaks  were  nearly  proportional  to  the  number  of  carbons  causing 
the  resonances.  This  proportionality  is  illustrated  in  Figure  71  which  shows 
stick  spectra.  The  heights  of  the  solid  sticks  are  equal  to  the  measured 
fractional  areas  beneath  the  resonance  peaks  in  the  spectra  shown  in  Figures 
67-70,  and  the  heights  of  the  dotted  sticks  are  equal  to  the  calculated  frac¬ 
tions  of  carbon  nuclei  producing  the  resonance  peaks.  The  letters  above  the 
sticks,  which  identify  the  carbon  nuclei  producing  the  resonances  (see  Figure 
66),  were  assigned  using  the  results  of  liquid  NMR  studies.  *  The  agree- 


ment  between  the  measured  and  calculated  areas  is  not  perfect  because  a 
variety  of  relaxation  processes  act  to  Increase  and  decrease  the  polarization 
of  nonequivalent  carbon  nuclei  differently.  The  1  ms  cross-polarization  time 
is  a  compromise  which  produces  optimum,  but  not  perfect,  results. 

The  spectral  lines  labeled  1  in  Figure  71  are  produced  by  the  aromatic 
carbon  adjacent  to  the  oxygen  in  DGEBA  which  is  not  present  in  TGDDM.  As  a 
result,  these  lines  are  particularly  sensitive  to  the  composition  of  the 
resin.  Using  only  the  area  beneath  the  i  resonance,  it  is  possible  to 
correctly  identify  the  composition  of  the  four  different  cure  epoxies. 
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Figure  68.  NMR  spectmin  of  2:3:5  sample. 
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Figure  69.  NMR  spectrum  of  3:2:5  sample. 
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Figure  70.  NMR  spectrum  of  5:0:5  sample. 

The  broad  resonance  at  ~  64  ppm,  shown  in  Figures  67-70,  results  from 
carbon  nuclei  associated  with  the  opened  epoxy  ring,  which  before  opening  Is 
at  ~  50  ppm.  The  area  beneath  this  peak  could  be  used  to  monitor  the  epoxy 
curing  reaction,  although,  as  mentioned  earlier,  the  relative  area  beneath 
this  peak  will  be  a  function  of  the  relaxation  processes  which  also  change 
during  curing.  Also,  during  the  time  required  to  produce  a  spectrum  with  an 
I  acceptable  slgnal-to-nolse  ratio,  additional  curing  will  take  place  unless  the 

probe  temperature  Is  low  enough  to  effectively  halt  the  curing  process.  Be¬ 
cause  our  magic-angle  spinning  probe  presently  operates  only  at  room  tempera¬ 
ture,  these  experiments  have  not  yet  been  performed. 

1 

3.3  Investigation  of  Two-Dimensional  Solid-State  C  NMR  for  Characterizing 
Epoxies 

The  NMR  spectra  presented  In  Section  3.2  (Figures  67-70)  of  cured 
epoxy  resins  Illustrates  the  relatively  poor  resolution  that  Is  obtained  from 
solids,  relative  to  the  resolution  obtained  from  liquids.  For  this  reason. 


Sample 

0:5:5 


I 


I 


0.2 


Fraction 

0.1 


0 


'  edc  ’  7^  * 

0  a 

b 

1 

• 

g  f  1 

1  •  1 

1  1  1 

1  1  1 

1 

1 

1 

1 

1 

1 

1 

1 

« 

1 

1 

1 

1 

Fraction 


Fraction 


Fraction 


Figure  71.  Stick  spectra  of  the  four  epoxy  samples.  The  height  of  a  solid 
stick  is  equal  to  the  measured  fraction  of  the  total  area  beneath 
the  resonance  peak,  and  the  height  of  the  dotted  stick  is  equal  to 
the  fraction  of  the  total  number  of  carbon  nuclei  producing  the 
resonance  peak.  The  letters  above  the  sticks  identify  the  carbon 
nuclei  producing  the  resonances. 


two-dimensional  NMR  techniques  were  Investigated  for  improving  resolution  and 
revealing  chemical  exchange  phenomena.  The  2-D  technique  that  was  investi¬ 
gated  measured  the  chemical  shift  spectrum  at  one  time  and  then  again  after  a 
time  interval  of  from  10  ms  to  100  s.  The  time  interval  is  called  the  mixing 
period.  The  spectnim  after  mixing  is  plotted  against  the  spectrum  before 
mixing,  as  in  the  example  illustrated  in  Figure  72  for  (a)  a  case  in  which 
exchange  does  not  occur,  and  (b)  a  case  in  which  exchange  does  occur. 

In  the  example  shown  in  Figure  72,  it  is  supposed  that  the  three 
resonances  result  from  a  single  carbon  atom  at  a  particular  location  in  a 
molecule  having  three  conformations.  The  first  resonance  results  from  the 
molecule  in  the  first  conformation,  the  second  resonance  from  the  molecule  in 
the  second  conformation,  and  the  third  resonance  from  the  molecule  in  the 
third  conformation.  The  nearly  equal  areas  beneath  the  three  resonances  in 
case  (a)  indicate  the  three  conformations  are  nearly  equally  populated,  and 
the  absence  of  off-diagonal  resonances  indicates  that  no  conformational 
changes  took  place  during  the  mixing  period.  In  case  (b)  conformational 
changes  took  place  during  the  mixing  period,  as  evidenced  by  the  off-diagonal 
resonances.  In  this  example,  the  molecule  experienced  exchange  between  the 
first  and  second  conformations  during  the  mixing  period,  as  evidenced  by  the 
resonance  at  frequency  before  mixing  and  at  f^  after  mixing,  and  the 
resonance  at  frequecy  fj  before  mixing  and  at  fo  after  mixing.  The  lack  of 


Frequency  before  mixing 


Frequency  before  mixing 


Figure  72.  Sketch  showing  two^imensional  spectra  when  (a)  no  exchange 
occurs  during  the  mixing  period  and  (b)  an  exchange  takes  piace 
between  conformation  during  the  mixing  period. 


cross-resonances  between  and  either  or  €2  Indicates  that  molecules  In 
the  third  conformation  did  not  experience  a  conformational  change  during  the 
mixing  period.  The  areas  beneath  the  off-diagonal  resonances  are  a  measure  of 
the  number  of  conformational  changes  that  took  place  during  the  mixing  period. 
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The  pulse  sequence  and  parameters  used  to  generate  two-dimensional 

spectra  are  shown  In  Figure  73.  The  first  part  of  the  pulse  sequence  Is 

Identical  to  that  shown  In  Figure  65  and  Is  used  to  transfer  polarization  to 
13  1 

the  C  nuclei  from  the  H  nuclei.  The  evolution  time  period  t^  allows  the 
nonequivalent  C  nuclei  to  process  at  their  own  resonance  frequencies.  A 
complete  two-dimensional  experiment  consists  of  a  128  or  laore  subexperiments 
In  which  t^  Is  Increased  by  At|^  between  experiments.  For  each  different  t^  a 
different  phase  relationship  exists  between  the  nonequivalent  nuclei  at  the 
end  of  the  evolution  period.  Therefore,  the  n/2  pulse  acts  differently  on 
each  of  the  nonequivalent  nuclei  and  In  a  perfectly  predictable  manner  depend¬ 
ing  upon  t]^  and  the  resonant  frequency  of  the  nuclei,  the  nonequivalent  nuclei 
after  the  x/2  pulse  have  different  amounts  of  z-magnetlzatlon.  . 
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Figure  73.  Pulse  sequence  for  two«dinienslonal  Fourier  transformation  of  solids. 
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During  the  mixing  period,  the  z-magnetizatlon  is  exchanged  between  the 
nuclei.  In  general  this  exchange  can  occur  In  a  number  of  ways,  vnille  It 
Is  highly  unlikely,  an  exchange  could  occur  If  nonequivalent  carbons  exchanged 
places.  A  more  likely  occurrence  would  be  a  conformational  change  which  pro¬ 
duced  a  chemical  shift  change  In  one  or  more  carbons.  Also,  the  nuclei  can 
undergo  magnetic  dipolar  interactions  in  which  nuclear  polarization  Is  ex¬ 
changed  between  two  nuclei  while  the  nuclei  remain  In  place.  The  effect 
of  such  exchanges  between  nonequivalent  C  nuclei  Is  that  a  C  nucleus 
having  a  particular  chemical  shift  will  contribute  to  the  total  z-magnetlza- 
tlon  at  the  end  of  the  evolution  period  by  an  amount  governed  by  Its  chemical 
shift  (resonance  frequency)  and  the  time  t^;  then  after  the  x/2  pulse 
following  the  mixing  period  have  this  exchanged  z-magnetlzatlon  contribute  to 
the  NMR  signal  of  a  nucleus  having  a  different  chemical  shift. 

The  two-dimensional  Fourier  transform  consists  of  performing  a  conven¬ 
tional  one-dlmenslonal  Fourier  transform  on  each  NMR  signal  following  the 
second  x/2  pulse.  Typically  there  are  128  or  more  of  these  one-dlmenslonal 
spectra,  one  for  each  value  of  tj  used;  they  represent  the  amplitudes  and 
resonance  frequencies  of  the  nuclei  after  a  fixed  mixing  period  and  variable 
evolution  period.  The  second  Fourier  transform  of  these  spectra  generates  a 
two-dimensional  array  representing  the  amplitudes  and  chemical  shifts  (fre¬ 
quencies)  of  the  nuclei  before  mixing  along  one  direction,  and  the  amplitude 
and  chemical  shift  of  the  nuclei  after  mixing  along  the  other  direction.  If 
no  exchange  occurs,  the  two-dimensional  spectra  appear  as  resonances  along  a 
diagonal  as  sketched  In  Figure  72a;  and  If  exchange  occurs,  off-diagonal 
resonances  appear  as  In  Figure  72b. 
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The  curing  agent  Eporal  was  used  to  develop  our  two-dimensional  C  NMR 

techniques.  Figure  74  shows  the  solid-state,  one-dlmenslonal  spectrum  of 

Eporal  obtained  with  conventional  cross-polarlzatlon,  hlgh-power  decoupling, 

and  magic-angle  spinning.  Below  the  spectrum  are  shown  the  chemical  shifts  of 
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the  nonequivalent  carbons  which  were  obtained  from  liquid  C  NMR  spectra  of  a 
50Z  solution  of  Eporal  In  acetone-d.^^  In  the  solid-state  spectrum,  the 
carbon  atoms  labeled  b  and  c  appear  unresolved  as  a  single  peak,  carbon  a  Is 
resolved,  and  carbon  d  Is  resolved  but  Is  of  small  amplitude,  whereas  In  the 
liquid  spectrum  all  four  nonequivalent  carbons  are  easily  resolved.  This  lack 
of  resolution  illustrates  the  need  for  techniques  to  extract  more  Information 
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Figure  74.  Magic  angle,  cross-polarizadon,  hlgh-power  decoupling 
NMR  spectrum  of  solid  Eporal. 


from  solid-state  NMR  spectra;  two-dimensional  NMR  is  expected  to  be  such  a 
technique. 

Figure  75  shows  a  two-dimensional  NMR  spectrum  of  Eporal.  The 
parameters  used  to  generate  this  spectrum  have  not  yet  been  optimized.  The 
optimization  procedure  is  time  consuming:  to  construct  a  two-dimensional 
spectrum  of  the  type  shown  in  Figure  73  requires  89  h  for  data  accumulation 
and  4  h  for  plotting  one  view. 

In  Figure  75  one  sees  the  existence  of  a  set  of  mirror-image  resonance 
peaks  caused  by  the  transform  technique  used.  The  mirror-image  peaks  allow 
observation  of  the  back  side  of  the  resonance  peaks.  While  the  exchange  peaks 
are  not  particularly  clear  in  Figure  75,  they  can  be  seen;  and  it  is  expected 
that  further  optimization  of  the  pulse  parameters  will  lead  to  substantial 
improvements  in  the  two-dimensional  spectra. 


4.  SUMMARY  OF  CONCLUSIONS 


4.1  EPR  Conclusions 


•  The  reaction  rate  for  the  Initial  step  In  the  reactions  of  a  secondary 
amine  (METAMIN)  and  a  tertiary  amine  (DIMETAMIN)  obey  pseudo-first- 
order  kinetics  at  low  nltroxlde  concentrations. 

•  The  temperature  dependence  of  the  rate  of  the  reaction  for  METAMIN  In 
TGDDM  Is  given  by  =  kQ^  exp  (“  AE/RT)  where  AE  »  55  kJ  mol”^  and  kQj 
=  1.3  X  10^  s~^. 

•  For  the  rate  of  reaction  of  DIMETAMIN  In  TGDDM,  the  temperature 
dependence  Is  given  by  AE  =  55  kJ  mol~^,  kQ2  *  4  x  10^  s~^  at  333  K; 
and  AE  =  18.5  kJ  mol~^,  kQ2  =  1.7  x  10”^  s"”^  at  373  K. 

•  The  ratio  of  the  frequency  factors  for  METAMIN  and  DIMETAMIN  In  TGDDM 
at  333  K  can  be  Interpreted  In  terms  of  an  entropy  difference  resulting 
from  the  sterlc  hindrance  around  the  quaternary  nitrogen. 

•  The  logarithm  of  the  rotational  correlation  time  for  TEMPENE  In  the 
amine-cured  epoxies  is  linearly  dependent  on  the  crosslink  density. 

•  The  rotational  correlation  time  for  TEMPENE  in  the  amine-cured  epoxies 
above  Tg  obeys  the  WLF  equation. 

•  The  decomposition  rate  for  nltroxldes  in  the  TGDDM  Indicates  there  Is 
more  than  one  remnant  Impurity  In  the  resin. 

•  The  expression  for  the  temperature  dependence  of  the  rotational 
correlation  time  for  TEMPENE  In  amine-cured  epoxy  hosts  contains  a 
contribution  from  the  free  volume  content  (Doolittle  term)  and  one  from 
the  explicit  temperature  dependence  (Arrhenius  term). 

•  Amine  nltroxlde  diffused  Into  plasticized  amine-cured  epoxy  samples 
covalently  bind  to  unreacted  epoxy  groups  trapped  in  the  polymer 
network. 


•  Glycidyl  nltroxides  diffused  lato  plasticized  amine-cured  epoxy  samples 
covalently  bind  to  unreacted  amine  groups  trapped  in  the  polymer 
network. 

•  0.95  wt%  unreacted  epoxy  groups  were  detected  in  the  presence  of 

3.0  wt%  unreacted  amine  groups  in  the  same  sample  of  amine— cured  TGDDM. 

4.2  NMR  Conclusions 

•  The  activation  energy  for  curing  MY720  with  Eporal  was  measured  with 
NMR  and  was  found  to  be  49.8  ±3.7  kJ/mol. 

•  The  activation  energy  for  curing  appeared  to  increase  slightly  (from  45 
to  55  kJ/mol)  as  curing  proceeded. 

•  The  spin-lattice  relaxation  time  experienced  a  minimum  early  in  the 
curing  process  that  appeared  to  be  caused  by  molecular  motion  of  the 
products  of  curing  rather  than  by  the  motion  of  the  reactants. 

•  Early  in  the  cure  two  components  were  observed,  one  more  mobile  than 
the  other,  implying  that  an  inhomogeneous  structure  develops  early  in 
the  cure. 

•  The  character  of  the  time  dependence  of  the  mobile  fraction  during 
curing  differed  for  different  isothermal  cure  temperatures,  suggesting 
that  the  nature  of  the  crosslink  structure  formed  during  curing  is  a 
function  of  cure  temperature. 

•  The  mobile  fraction  is  a  sensitve  parameter  for  monitoring  the  last 
stages  of  epoxy  curing. 
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•  C  NMR  was  used  to  measure  the  composition  of  cured  epoxy  resins. 

1 1 

•  Preliminary  two-dimensional  C  NMR  spectra  of  the  curing  agent  Eporal 
were  obtained. 
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